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A temperature measurement system has been developed by using a two-color infrared ther-
mometer. The real-time tracking and fixed-point measurement were achieved during the
LRF process. The influences of laser processing parameters on the temperature of molten
pool was investigated, such as powder feed rate, scanning velocity of laser beam, laser power,

spot diameter, shielding gas flow rate and powder feeding position. The control scheme of
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the single layer thickness was discussed and the relationship between the molten pool
temperature and the cladding thickness was build.
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1. Introduction

In recent years, with the rapid development of rapid proto-
typing (RP) and laser cladding, a new additive manufacturing
technology, laser rapid forming (LRF), has been developed. LRF
can build full density metal components directly from a CAD
model without using dies. It could potentially improve the pro-
cessing flexibility and save process period and manufacturing
cost to a large extent. After the CAD model of the component
was built and sliced electronically into a sequence of layers
which defined the regions of the component, a metal com-
ponent was fabricated directly through laser cladding layer
by layer. Many methods with the same basic process of fabri-
cating a component have been developed, but referred to by
different names, such as laser engineered net shaping (LENS)
(Keicher et al., 1997; Griffith et al., 1999), direct light fabrication
(DLF) (Wu and Mei, 2003), Laser-Based Additive Manufacturing
(LBAM) (Hu et al., 2002; Hu and Kovacevic, 2003), and so on.
The molten pool temperature is an important controlling
parameter during the LRF process which directly dominates
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metallurgical quality and forming accuracy of the part. In
order to fabricate components with appropriate properties,
comprehensive understanding of the thermal behavior during
the LRF process should be necessary. Through monitoring the
molten pool temperature and feeding it back to the controller,
the LRF process with closed loop control can be achieved.
Thus, the geometric properties (shape accuracy, surface fin-
ish) as well as the material mechanical properties (strength,
ductility) of a component can be well coupled with the process
design of the part.

To date, thermal behavior of the molten pool has been
investigated by some researchers through the thermal signal
monitoring and process modeling. Griffith et al. (Griffith et al.,
1999) used thermocouple and imaging techniques to monitor
the thermal signature during the LRF process, and study the
solidification behavior, residual stress, and microstructural
evolution which were determined by the thermal history. Jen-
drzejewski et al. (Jendrzejewski et al., 2004) and Han et al. (Han
etal., 2004) investigated the thermal behavior of laser cladding
by thermal modeling. Hand et al. (Hand and Fox, 2000) have
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Table 1 - The chemical composition of the materials (wt.%)

Al B © Co Cr Mo Ni Si Ti W Zr Mn Nb
Rene 83DT powder 2.2 0.02 0.04 14.0 17.0 4.0 Bal <0.2 3.3 4.2 0.04 - 3.5
Ni20 - 1.22 0.03 - 0.2 Bal 0.95 - - - - -
316L stainless steel - - 0.03 - 16.8 2.2 13.8 0.75 - - - 0.3 -

also carried out temperature measurement and realized the
control of the laser power by using pyrometer. However, the
influences of the processing parameters on the thermal behav-
ior and the relationship between the molten pool temperature
and the cladding geometric sizes have not been investigated
systematically. Lin et al. (Lin and Steen, 1998) measured the
temperature of the formed layer by an IR pyrometer and esti-
mated the powder efficiency through an inverse calculation
of the boundary temperature obtained from observed surface
temperature. Although lots of studies on real-time monitoring
have been reported, the present understanding of the ther-
mal behavior during LRF still mainly depended on numerical
simulation.

In this paper thermal monitoring techniques were
described, the influences of the processing parameters on the
thermal behavior of the molten pool were also investigated,
and the precision control strategy was discussed based on the
temperature measurement.

2. Experiment

The LRF experiments were carried out on a LRF system which
consists of a 5kW continuous wave CO, laser, a four-axis
numerical control work table, a powder feeder and a lat-
eral nozzle. A temperature measurement system was built
up by using a two-color infrared thermometer with an abso-
lute accuracy of 10K, relative accuracy of 5K, and response
time of 10ms. The measurement system was calibrated by
the ultra high temperature blackbody calibrator. The spectrum
was collected by reimaging lens and directed to a pyrometer
by the fiber optic cable. During two-color measurement, since
intensities at two operating wavelengths which have same
effect are compared in the pyrometer, changes in target emis-
sivity have little effect on the temperature value obtained.
In addition, the thermometer allows credible temperature
measurements for the clad when the molten pool is partly
obliterated by the feeding powders. So a two-color technique
is suitable under a worse environment during the LRF process.

The substrate was 316L stainless steel sheet with dimen-
sion of 60 mm x 16 mm x 8 mm, and Rene88DT superalloy and
Ni20 hot spraying alloy powders with the size of 44-150 pm
were used due to their excellent resistance to oxidation. The
compositions of the substrate and the powders were listed in

Table 1 and their thermal properties were shown in Table 2.
In order to eliminate the moisture of the powder particles and
clean the surface of the substrates, the powders were dried in
a vacuum oven with 120°C and the surface of the substrates
were burnished by using sand paper before experiment.

In order to investigate the influence of processing parame-
ters on the pool temperature, the single layer and multi-layer
clad with length of 60 mm along the scanning direction were
built with different processing conditions.

Although the materials emissivity have little effect on the
temperature measurement by using a two-color technique,
the temperature measurement system has also been cali-
brated for the Rene88DT and Ni20 alloys with a standard
PtRh30-PtRh6 thermocouple to achieve the reliable temper-
ature value.

3. Measurement of temperature

3.1.  Real-time tracking measurement

The sensor of the temperature measuring system was fixed on
the laser head (Fig. 1), and the angle between the laser beam
and the sensor detecting direction was set to be as least as
possible to reduce the error caused by a small molten pool
moving along the Z-axis. As the laser cladding was carried out,
the sensor moved with the laser head together and aimed at
the molten pool all the time.

Fig. 2 showed the real-time temperature variation of a sin-
gle Ni20 clad with 30 mm length, and the sampling time was
0.1s. It can be clearly found that the time intervals of both
the initial rise stage and final decline stage of the temperature
were about 0.2s.

3.2.  Fixed-point measurement

In order to understand the thermal behavior in the molten
pool, a fixed-point temperature measurement was designed.
In such case, the sensor aimed at the midpoint of the track as
shown in Fig. 3. When laser beam scanned via the midpoint
of the clad, the changes of the temperature of the midpoint
would be recorded by the measurement system. A rise and
decline stage of the temperature can also be observed during
the measurement, and the decline corresponds to the cooling

Table 2 - The thermal properties of the materials

Thermal conductivity (W/(m °C)) Heat capacity (J/kg°C) Solidus temperature (°C)
Rene 88DT powder 17.47 490 1360
Ni20 87.8 4435 1070
316L stainless steel 21.5 500 1420
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Fig. 1 - Sketch of real-time temperature measurement.

stage. The more abrupt the decline is, the greater the cooling
rate is. Fig. 4 shows the in situ temperature record of the mid-
point of a single Ni20 clad with the laser power P=2100W,
spot size D, =2.5mm, and scanning velocity v, = 10mm/s.
The response time of the thermometer was set to 0.01s. Based
on the assumption that the molten pool is under the steady
state in the middle part of the clad with the constant laser
scanning velocity, the temperature profile along the scanning
direction can be defined as

Ti(r*) =T (to + %) 1)

where Ty (r') is the temperature at the distance r’ from the cen-
ter of molten pool. In this case, the pool center is identical with
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Fig. 2 - Result of real-time temperature measurement in a
single cladding.
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Fig. 4 - Temperature measurement of the specifically
position in laser cladding.

the axial of laser beam, vy, is scanning velocity, T() stands for
the time dependent temperature and to is the time when laser
just pass through the midpoint. The dotline in Fig. 4 illustrates
the melting point temperature Tr,. The melting length 1 can be
approximately obtained by the product between the scanning
velocity and the time when the midpoint is under the melt
state, and from the Eq. (1), the temperature decline stage in
the midpoint in the Fig. 4 can be transformed into the temper-
ature profile from the center along the scanning direction, as
shown in Fig. 5. It can be found that the temperature profiles
of the molten pool reveal an interesting non-linearity.

4, Results and discussion

4.1. The influences of processing parameters on
thermal behavior of the molten pool

4.1.1.  Powder feeding rate

Fig. 6 shows the influence of the powder feeding rate on the
average temperature of the molten pool for a single Ni20 clad.
It can be found that the molten pool temperature dropped in
the whole course with the increasing of the powder feeding
rate. This results from the cooling effect of powder particles.
The relatively cool powders play a role of the refrigerant in this
case. With the entrance of the more powders to molten pool,
the molten pool temperature would decrease.

STRATASYS, INC. EXHIBIT 2016
IPR2025-00257, Page 3



JOURNAL OF MATERIALS PROCESSING TECHNOLOGY 198 (2008) 454-462 457

1600

1500 |-

1400 u

1300 |- =

1200

1100 -

Temperature T (°C)

1000 |

900 L 1 1 L 1 1 L
0.0 05 1.0 15 20 25

Distance from the center of pool r (mm)

Fig. 5 - Temperature profile of the surface of steady-state
melt pool tail.

4.1.2.  Scanning velocity

Fig. 7 shows the variation of temperature of the molten pool
with the scanning velocity by the real time measuring for a
single Ni20 clad. From Fig. 7(a), it can be seen that the molten
pool temperature varied considerably with the increasing of
the scanning velocity. It is due to that there is a decreasing of
energy density with the scanning velocity increasing. Fig. 7(b)
shows the results obtained by the fixed-point method. It can
also be found that temperature profiles have a very similar
relationship with the scanning velocity. The scanning velocity
for each profileis shown in the legend. Itis clear that the length
of the molten zone decreases with the increases of the scan-
ning velocity, and the slopes of the tail temperature profiles of
the molten pool increases as the scanning velocity decreases.

4.1.3. Laser power

Fig. 8(a and b) show the average molten pool temperature and
the tail temperature profiles varying with laser power for a
single Ni20 clad. It can be found that the average temperature
increases with the increasing of the laser power. Not only the
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Fig. 6 - Comparison of temperature measurement result
with different powder feeding rate.
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Fig. 7 - Influence of laser scanning velocity on temperature,
(a) real-time temperature measurement, (b) fixed-point
temperature measurement.

heat affected zone was enlarged, but also the cooling rate was
increased according to the slope of tail temperature profile
with the increasing of the laser power. It is due to that the
increase of laser power under the constant spot size caused
the increase of the energy density.

4.1.4. Laser spot size

With a fixed laser power, the variation of laser spot size will
correspond to the change of the energy density. The laser
energy density increases with the decrease of the spot, and
a higher temperature gradient can be achieved. The relation-
ship between temperature gradient of molten pool and the
spot size during Rene88DT alloy clad can be seen in Fig. 9.

4.1.5. Shielding gas

The powder particles were fed into the molten pool with the
restriction of shielding gas. In present experiments, the ther-
mal loss caused by shielding gas flow was also investigated.
From Fig. 10, it can be found that the average temperature
of molten pool declined slightly for a single Ni20 clad till the
shielding gas flow flux is up to 201/min, it demonstrates that
the influence of shielding gas flow flux within the allowed
range on the average temperature of the pool field can be
neglected.
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Fig. 8 - Temperature measurement with varying laser
power, (a) average temperature during single layer cladding,
(b) temperature distribution of the tail of molten pool.

4.2. Other factors

Since the powder particles are considered as a kind of refrig-
erant, the control of drop position of the powder stream on
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Fig. 9 - Temperature evolvement of melt pool tail with
different laser spot diameter.

2200
2000 -

1800 |-

1400

1200 -

Average temperature of melt pool T ('C )

1000

. L . L I . 1
0 5 10 15 20

Protecting gas Q (I/min)

Fig. 10 - Influence of the shield gas on average temperature
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Fig. 11 - Influence of the powder feeding position, (a)
sketch of the powder feeding position, (b) cooling curve.

the molten pool is important. That means the relative posi-
tion between the molten pool and the center of powder stream
will have an effect on the molten pool temperature. Fig. 11(a)
shows the sketch of the powder feeding position, i.e. the cen-
ter of the powder stream aims at the head, the center and
the tail of the molten pool, respectively. For these three con-
ditions, the shield of the particles injected on the molten pool
and the amount of the particles injected into the pool would
be dramatically changed. The effects of the relative position
on temperature profile of the tail part for a single Ni20 clad
were shown in Fig. 11(b). With the position from the head to

STRATASYS, INC. EXHIBIT 2016
IPR2025-00257, Page 5



JOURNAL OF MATERIALS PROCESSING TECHNOLOGY 198 (2008) 454-462 459

2400
)

@ 2300 |
oo | P=2200W

vb=7.5mmls
Db=2.5mm

2100 -
2000 -
1900
1800 |-
1700 |
1600 -
1500
1400
1300
1200
1100
1000

900 I I l I I I
0 100 200 300 400 500 600 700 800 900

Timet (0.1s)

b, i

Temperature T (°C)

(b)

—®— first layer
—&— second layer
& third layer
—0O— fourth layer

* - fifth layer

1400 fo,

Temperature T ('C)

1200

1000

.
L}

1

.\I i 1 i i 1 n 1 1 i 1 i 1 "
30 40 S50 60 70 8O 90 100 110 120 130
Time t (0.01s)

Fig. 12 — Results of the real-time temperature measurement
in a multi-layers cladding, (a) real time measurement, (b)
cooling curve.

the tail, the solid-liquid interface is closer to the center, and
the temperature gradient decreases.

Research on the thermal behavior during multi-layer
cladding has a great significance to understand the LRF pro-
cess since multi-layer cladding is a basic way to fabricate
the bulk components. Fig. 12(a) shows real time temperature
records of the initial five layers during forming a thin Ni20
wall. From Fig. 12, it can be found the molten pool tempera-
ture in the first layer is lower than the other four layers, and
with the increase of the layer number, the pool temperature
gradually rises from about 1500°C to about 1700°C. It is due
to that, firstly, the original temperature of the substrate was
low (room temperature), with the increasing of the layer num-
ber, the temperature of the substrate gradually rise. Secondly,
with the increasing of the layer number, the thermal con-
duction mechanism transforms from 3D to 2D, but the input
energy keeps constant. With the gradual balance between the
input and the output of energy, the temperature will tend to
reach steady state. The influence of dilution effect from the
substrate to the first pass can be ignored because of a very
little dilution. As long as it was ensured that the rise of the
reimaging lens was equal to the thickness designed AZ, the
cooling rate (or the temperature gradient) in each layer could

Fig. 13 — Microstructure of Rene88DT alloy sample, (a)
Bottom, (b) Top.

be obtained by the fixed-point measurement. From the curves
depicted in the Fig. 12(b), it can be found that the cooling rate
(or temperature gradient) first decreases and then inclines
to invariableness with the increase of layer number. This is
because the temperature of the previous cladding layer was
raised with the accumulation of energy, which resulted in the
new clad on the hotter substrate. Fig. 13(a and b) show the
microstructure of Rene88DT alloy sample at the bottom and
the top along the deposition direction, it can be found that the
primary dendritic spacing increases with increasing the depo-
sition height and the secondary dendrites grow up gradually.
According to the approximate relationship among the temper-
ature gradient, solidification velocity and primary dendritic
spacing, A1 « V-2GP (a and b represent the constants related
with the alloy system), the primary spacing will increase with
the increase of temperature gradient. However, when the cool-
ing rate reaches steady state, the primary dendritic spacing
will achieve stabilization gradually.

The multiple traces cladding is another important way
to forming solid part, it can be carried out by overlapping
cladding. Similarly, the average temperature and temperature
profile of the molten pool in the overlapping direction would
represent a similar thermal characteristic with multiple layer
cladding of Rene88DT alloy (as shown in Fig. 14).
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Fig. 14 — Real-time temperature measurement of the melt
pool in overlap cladding.

4.3. Relationship between molten pool temperature
and layer thickness

When the cladding process is in steady state, the energy
absorbed just was used to heat the fresh powder particles
being injected into the molten pool. So the following assump-
tions can be made before the discussion:

(1) There is no attenuation and dispersion of laser energy
caused by powder particles since energy absorbed by par-
ticles will still come back to the molten pool, and the size
of particle is quite small;

(2) Theheatloss by convection and radiation will be neglected
which is small compared to the energy input;

(3) The laser beam is of steady power, and the absorptivity
for the laser and thermal properties of the materials are
constant

(4) Latent heat effects are neglected because latent heat of
fusion in the front is compensated by latent heat of solid-
ification at the end of molten pool for the relatively small
molten pool;

(5) The molten pool width is equal to diameter of the laser
spot Dy,

Hence, on the basis of energy balance on the molten pool,
the following equation can be given as

BP = Q + nmpcppp(T — To) )

where P is the laser power, Q is the thermal conduction from
molten pool, ¢, is the heat capacity of the powder material,
pp shows the density of powder material, To expresses the
ambient temperature, 8, mp and 1, represent the absorptiv-
ity of laser energy, the powder feeding rate and the melting
efficiency of powders, respectively. The second term in Eq. (2)
represents the internal energy increment with the increase of
temperature from initial temperature Ty to T.

Based on the assumption of a point heat source across the
substrate and constant thermal properties of materials, the
heat conduction equation with a moving point heat source

can be expressed as

PT 0T | *T  v,dT 9T
ax2 - ay?  9z2 | adx | adt

(3)

where « is the thermal diffusivity. Further, the steady-state
temperature field of a moving point heat source can be
obtained as

Q UpX TV
0= o (-2 o7 o

where 2, r and x show the coefficient of heat conductivity,
the distance from the center of heat source and the distance
from the center along scanning direction, respectively. How-
ever, the new cladding layer can be considered as the heat
source of the substrate. Therefore, it is assumed the molten
pool as the point heat source acted on the substrate, Eq. (4)
can be expressed as

P — nmpCppp(T" — To) UpX  TUp
0= Zmir exp (-5 50 ) +To ©)

According to the results of fixed-point measurement on the
temperature of middle point and the position of the laser
beam, we can obtain the distance rj§ correspond to the melt-
ing point temperature Ty, at the boundary of molten pool
and the mean temperature of molten pool T', so substituted
T(r) = T1(rj) = Tm and T’ in Eq. (5) to yield the following equa-
tion

— BP — 27‘[)»7’0/ (Tm — To)
cpop(T’ — To)

(6)

According to the mass balance condition, the thickness of the
cladding layer h can be calculated as follows:

nmp
h= Dy ppUp )
So the thickness of cladding layer can be obtained from the
Egs. (6) and (7).

Therefore, the layer thickness could be detected indi-
rectly by measuring the molten pool temperature, and then
be controlled accurately by in situ adjusting the processing
parameters such as laser power, laser scanning velocity and
powder feed rate.

With the constant laser power and scanning velocity, we
consider rj is constant and the real-time tracking measure-
ment temperature is regarded as the mean temperature of
molten pool, the control of layer thickness can be realized by
using the correspondence between molten pool temperature
and thickness of cladding layer. Fig. 15 shows the temperature
measurement result of a single layer cladding varying with the
powder feeding rate for Ni20 alloy. The powder feeding rate mp
is 5.5, 8.8 and 13.2 g/min in area I, Il and III, respectively. It can
be clearly found that the cladding temperature drop obviously
with the increase of powder feeding rate. However, referring to
the Egs. (6) and (7), the temperature decrease will correspond
to the increment of the thickness, so the layer thickness could
be controlled accurately by adjusting the powder feeding rate
according to the molten pool temperature.
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Fig. 15 — Real-time temperature measurement of the melt
pool with adjusted powder feed rate.

However, in fact, the effects of size and shape of the fab-
ricated parts during the LRF process could not be neglected,
because they would affected the thermal conduction from
the molten pool fatefully, especially at the edge of the part.
Moreover, the cladding conditions would be changed gradually
with the progress of fabrication. The appropriate adjustment
should be performed according to measured temperature in
order to realize parts with desired properties.

For a typical example of multiple layers or traces cladding,
although all process parameters were not changed, the tem-
perature rose gradually with the continuous cladding as
shown in Figs. 12(a) and 14, however this did not mean the
decrease of melting particle amounts. The rise can be con-
sidered to be caused by the accumulation of energy. With
the constant powder feeding rare, the rise of molten pool
temperature usually accompanied with the increase of the
layer thickness, and remaining relatively steady temperature
of molten pool could ensure a uniform layer thickness. Adjust-
ing the laser power or scanning velocity means changing
the input energy density. So, referring to Eq. (2), the gradual
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Fig. 16 — Real-time temperature measurement with
adjusting the laser scanning velocity during the multiple
traces cladding.

Fig. 17 - Rectangular solid sample fabricated with the
adjustment of scanning velocity.

change of input energy density would solve the problem of
the cumulation of energy. Fig. 16 shows the uniform tempera-
ture can be achieved by in situ adjusting the laser scanning
velocity during the multi-trace cladding of Rene838DT alloy.
Further, a rectangular solid Rene88DT sample with smooth
surfaces was well fabricated by multi-trace and multi-layer
cladding with in situ adjustment of the processing parame-
ters based on in situ temperature measurement (as showed in
Fig. 17).

5. Conclusion

The measurement of the molten pool temperature was
achieved by real-time tracking and fixed-point measurement.
Based on the assumption that the molten pool is under
the steady state, the temperature profile along the scanning
direction was obtained from the fixed-point temperature mea-
surement. Further, the influences of processing parameters on
thermal behavior of the molten pool were acquired by some
clad experiments.

The relationship between the molten pool and the thick-
ness of cladding layer was also discussed, which give a
possible scheme to achieve in situ accurate control for the
layer thickness by using an analytical model based on temper-
ature measurement of the molten pool. When laser power and
scanning velocity are constant, the cladding thickness only
corresponds to molten pool temperature, so the layer thick-
ness may be controlled accurately by in situ adjusting powder
feeding rate according to molten pool temperature.

A smooth solid sample was fabricated successfully by in
situ adjusting the processing parameters with the feedback of
molten pool temperature.
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