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Abstract

Selective Laser Melting is utilized to build parts directly from CAD data. In this study layerwise monitoring of the temperature

distribution is used to gather information about the process stability and the resulting part quality. The heat distribution varies with

different kinds of parameters including scan vector length, laser power, layer thickness and inter-part distance in the job layout. By

integration of an off-axis mounted uncooled thermal detector, the solidification as well as the layer deposition are monitored and

evaluated. This enables the identification of hot spots in an early stage during the solidification process and helps to avoid process

interrupts. Potential quality indicators are derived from spatially resolved measurement data and are correlated to the resulting part

properties. A model of heat dissipation is presented based on the measurement of the material response for varying heat input.

Current results show the feasibility of process surveillance by thermography for a limited section of the building platform in a

commercial system.
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1. Introduction

Selective Laser Melting is a heat intense process giving rise for temperature monitoring in order to detect irregu-

larities or errors. Thin layers of metallic powder particles are selectively melted by scanning adjacent vectors with a

high energy laser beam. Using CAD data only, high quality metallic components are produced by stacking individual

layers. Today, process monitoring is of great importance for demanding applications and it should be feasible with

a reasonable cost-benefit ratio in order to help spreading the promising technology of additive layer manufacturing

(ALM). In-Process monitoring approaches can be divided into off-axis systems measuring the whole build area at a

time and on-axis systems focusing on the current beam position. In Craeghs et al. (2011), Zur Jacobsmühlen et al.

(2013), Kleszczynski et al. (2012) and Grünberger et al. (2013) off-axis arrangements are presented, investigating the

detection of coating errors that may arise when a new layer of metallic powder is applied. Furthermore the appearance
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of the solidified surface is checked. On-axis setups use the same scanning and focusing unit as the processing laser

in order to directly monitor the melt pool and its environment (Chivel (2013); Craeghs et al. (2010, 2012); Lott et al.

(2011)). The usable wavelength band for monitoring of process emissions is severely restricted to a small band close

to the laser wavelength because the same optics are employed. To enable real-time process control, on-axis setups

apply sampling rates in the kHz range which are significantly higher compared to off-axis systems. This allows for

continuous measurement of melt pool dynamics at scanning velocities of several meters per second.

Nomenclature

K key indicator

j layer index

cp specific heat capacity

a thermal diffusivity

l effective melt depth

η absorptivity

v scan velocity

d hatch distance

Δ imperfection level

2. Approach and Setup

A local change in heat flow during heat-up or cool down indicates inhomogeneous material properties and potential

irregularities. Given a significant thermal contrast, these irregularities can in principle be identified and characterized.

The approach in this paper uses the process heat that is induced by the laser to find inhomogeneities in the current

layer. It aims at measuring the temporal evolution of the temperature distribution and comparing it to a simplified

model in order to identify a process beyond its boundaries. The experiments were conducted on a commercial ad-

ditive manufacturing system EOS M270 using a microbolometer thermal detector mounted off-axis at the process

chamber door (Krauss et al. (2012)). The manufacturing system features a 200 W Ytterbium fiber laser, a high speed

galvanometer scanning unit and an f /Θ-lens focusing the laser beam onto a fixed building platform. A TEM00 beam

having a diameter of 70 μm and beam quality M2 < 1.1 melts metallic powder particles with a mean grain size of

30 μm on the building platform. The thermal detector aims at a view angle of 55 degrees on this platform, reaches

a pixel resolution of approx. 250 μm per pixel and operates at 50 Hz. Solidification is done using a stripe exposure

strategy where adjacent hatch vectors of constant length and spacing are scanned and form a stripe of variable length

depending on the part geometry. Even though the melt pool expands over a single hatch vector at maximum, the

recurring energy input for adjacent scan tracks continuously reheats already solidified tracks (c.f. Figure 2). Process

Fig. 1. (a) Stripe exposure; (b) Recurring energy input

irregularities may arise due to improper heat dissipation caused by, amongst others, varying layer thickness, foreign

particles, process parameter fluctuation or drifts. However, the main contribution comes from the part geometry itself.
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Overhanging or filigree structures are subjected to a reduced heat dissipation. This may cause elevated structures in

the powder bed which obstruct the application of new powder layers, Yasa et al. (2009). Furthermore residual stresses

may lead to delamination issues or part bending during the process, causing coating problems as well.

3. Layerwise Data Acquisition and Processing

In order to gather quality information for every single layer that is solidified, a layerwise monitoring approach

is presented. It is based on the mapping of process data to the 2D position space corresponding to the build level.

The off-axis monitoring system and suitable data processing algorithms are utilized to derive spatially resolved key

indicators. The input data for these key indicators is based on the time-resolved temperature measurements during the

full processing (t j start, .., t j end) of the layer under question (c.f. equation 1).

�K(x0, y0) j = �f
(
T (x, y, [t j start, ..., t j end])

)
(1)

Existing approaches for information condensation and visualization in the field of additive manufacturing process

monitoring are based on coaxial setups (Craeghs et al. (2012)). Since mapping is conducted on the basis of the current

scan position, the measurement value is recorded at a single time and location only, �K(x0, y0) j = �f (T (x0, y0, t0)). Using

off-axis setups, the entire temporal evolution of the current layer data can be characterized. The objective is to find key

indicators that maximize the correlation to the part quality for example in terms of porosity, hardness, residual stress

or deformation. As proposed in Krauss et al. (2014) different types of key indicators exist which have to be checked

for their relevance. Examples are maximum temperature, cool-down behavior in terms of a characteristic time τc and

heat flow in terms of a time above a certain threshold tabove or an effective heat conductivity ae f f focused in this work.

The mapping approach is not restricted to measurement data collected from the location under question. The function
�f for deriving key indicators generally acts on the complete data set which corresponds to all captured frames of the

considered layer. This can be of particular interest for mapping geometrical features of the processing zone or sputter

activity that may extend over a large area. Key indicators are assigned to every location1 of the current cross section

for the entire layer. This layerwise approach allows for a quality report consisting of one image per key indicator and

layer. Through stacking of individual layer data, as known from tomography, a three dimensional quality report for

key indicators can be generated (c.f. Figure 2).

Fig. 2. Data processing to generate a visual quality report

4. Model of Heat Dissipation

During melting the applied laser energy is transformed into process heat. Neglecting radiation and convection

losses, the process heat is dissipated by heat conduction through solidified portions of the component being built.

Since loose powder has a thermal conductivity approx. 100 times smaller than solidified material (Rombouts et al.

(2005)), it has practically no contribution to the heat conduction. The presented model assumes heat conduction to

occur predominantly in the vertical direction because of the existing thermal gradient pointing at the build platform

1 The averaging area depends on the pixel resolution of the detection system.
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in the negative build direction. For further simplification no phase transitions are taken into account2 and the specific

heat capacity cp and thermal diffusivity ae f f are assumed to be independent of the temperature. The situation directly

after solidification ( t = t0, temperature already below solidus) is modeled as a semi infinite bar having a constant

temperature of T = T0 for z ∈]−∞,−l] and a temperature of T = T1 > T0 in a small volume of height l at its end. The

thickness l corresponds to an effective melt depth, where the applied energy is assumed to be completely absorbed

directly after the laser beam passes by. The thermal isolation at the bar’s top end is modeled through mirroring (Krauss

et al. (2014)). The initial condition T (z, t0) can be summarized as follows (Θ being the Heaviside function):

T (z, t0) = T0 + (T1 − T0)(Θ(z + l) − Θ(z − l)) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
T0 : z < −l
T1 : −l ≥ z ≥ l
T0 : z > l

(2)

Using the fundamental solution to the heat conduction equation given by equation 3, the surface temperature Ts(t)
is given by equation 4.

U(x, t) =
1√
4πat

e
−x2

4at (3)

Ts(t) = T0 + (T1 − T0) erf

(
l√
4at

)
(4)

The temperature rise Td = T1 − T0 after heat input can be estimated by evaluating the energy input E as follows (η
being the absorptivity):

E = Tdcpm

= TdcpρAl

= ηPtA

(5)

The time tA for exposing area A is given by A = v tA d and the temperature rise Td can be described in terms of

power input per area:

ηP
A
vd
= TdcpρAl

→ Td =
ηP

vdcpρl

(6)

The model assumes that the energy is homogeneously applied to the surface element of interest. For verification

purposes a surface element has to be chosen that is either much smaller than the laser beam diameter or several

adjacent scan vectors have to be scanned on the same surface element in a comparatively short time.

5. Results and discussion

For the purpose of model verification a set of 13 rectangular-shaped density specimens was investigated by measur-

ing the surface temperature during build-up and deriving an effective thermal diffusivity ae f f . Through approximation

of ae f f by series expansion of equation 4 and neglecting higher order terms, the effective thermal diffusivity becomes

independent of the melt volume depth l (c.f. equation 7).

T (t) ≈ T0 +
η√

t

P
Vdcpρ

√
πa

⇔ a ≈ 1

t

(
1

T (t) − T0

)2 ( Pη
Vdcpρ

√
π

)2 (7)

Heat conduction through the specimens was varied by changing the laser power P and scan velocity v. After a build

height of z0 = 5.7 mm all samples were exposed with equal standard parameters known to generate fully dense parts.

2 temperatures are only measured after melt is solidified due to measurement system inertia



68   Harald Krauss et al.  /  Physics Procedia   56  ( 2014 )  64 – 71 

This approach produces pores and binding errors within the lower part of the specimens and leads to a deterioration

of thermal conductivity depending on the amount of imperfections. Figure 3 (left) shows the measured temperature

evolution of one layer after exposure compared to the theoretical behavior according to equation 7. Model parameters

were chosen according to the processing parameters P and v, η is assumed to be 60 % and thermal diffusivity a =
4.36 × 10−6 m2/s is given in Sweet et al. (1987). The model corresponds to the measured temperature evolution, but

a temporal offset in the order of 100 ms has to be taken into account. This is potentially due to the fact, that heat

input is finished not directly after exposure of the area under question. The solidification of neighboring elements

causes a slight reheating and cool down delay. Furthermore, the characteristic detector response time in the order of

milliseconds causes an additional delay.
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Fig. 3. (a) Measured temperature evolution after exposure compared to model. (b) Derived effective thermal diffusivity ae f f averaged by layer over

the part cross section versus build height. The thermal diffusivity is averaged between 0.5 ... 5 s to account for measurement errors concerning peak

temperature determination and small temperature differences at long times after exposure

Using the sample specific P and v values, Figure 3 (right) shows the derived thermal diffusivity ae f f according

to equation 7, averaged by layer over the complete specimen cross section versus build height. It can be seen that

thermal diffusivity decreases significantly for build height z = 0...4 mm. This is explained by the reduced thermal in-

fluence of the build platform with increasing build height. At small build heights the build platform’s heat capacity and

the short distance to the current layer lead to a fast cool down corresponding to a high effective thermal diffusivity ae f f .

The absolute difference in thermal diffusivity for build heights smaller than z0 is a result of two effects:

1. Porosity and binding errors due to the chosen processing parameters cause a reduced thermal conductivity.

2. Temperature measurement is based on surface emissivity properties. Since surface properties vary with processing

parameters, the emissivity varies as well and causes different measured temperature values for different specimens.

According to equation 7 this leads to a change in the derived thermal diffusivity. The start temperature T0 is measured

after application of a new powder layer and is not affected by surface properties of the melted sample whereas the

measurement of the current temperature T (t) is influenced by the surface properties.

a : 0m2/s 10m2/s T : 350K 1050K

Fig. 4. Mapped key indicators for build height 3.6 mm: thermal diffusivity (left) and maximum measured temperature (right)
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Regarding the layerwise evaluation of derived key indicators, different process parameters or drifts can be visually

identified (c.f. Figure 4). The significant variation of surface properties across individual samples is due to the chosen

exposure strategy. On the one hand this enables the detection of surface irregularities, on the other hand it will affect

the fluctuation when considering averaged key indicators (i.e. thermal diffusivity per part per layer). The fluctuation

of thermal diffusivity is in the order of approx. 2 × 10−6 m2/s and is caused by the averaging approach in the following

way. Data is gathered by pixel-wise calculation of thermal diffusivity and spatial averaging over the specimen’s cross

section. However, this cross section has different surface properties depending on the direction of the solidified stripes

(c.f. Figure 4) and features different thermal behavior at its edge regions due to the changing scan vector length going

along with an exposure specific rotating stripe direction.

The difference in thermal diffusivity caused by surface effects and material properties (z < z0) can be correlated

to the resulting part quality. Figure 5 (right) shows the imperfection level Δ in terms of porosity and binding errors

and the thermal diffusivity for the investigated samples. Depending on the different energy input for each sample

a change in the imperfection level can be identified ((P, v) ↔ Δ). The calculated correlation coefficients for the

parameters in question are summarized in Table 1. Delaminated samples feature comparably low thermal diffusivities

(sample M, N) and high imperfection levels which make them easy to detect. For dense parts without delamination

issues the thermal diffusivity is significantly higher. Considering the inadequacies in determining an absolute value

for thermal diffusivity the unambiguous distinction between different energy inputs or imperfection levels remains

a challenging task. In principle, however, the considered key indicator is suitable for detecting high imperfection

levels, or strongly varying energy inputs since the correlation coefficient is in the order of 0.7. Because of the limited

spatial and temporal resolution of the measurement equipment as well as the boundary conditions for thermographic

measurements regarding changing surface properties and changing ambient temperatures, the detection limit for this

key indicator has to be further analyzed.
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Fig. 5. Delamination of test specimens (left), Imperfection level and measured thermal diffusivity at build height 4 mm averaged over five subse-
quent layers (right)

Table 1. Correlation coefficients for investigated specimens for a selected layer at build height 4 mm. Delamination is subjectively characterized

by its severeness.

Energy input P/v Imperfection level Δ Delamination (a.u.) Thermal diffusivity ae f f

Energy input P/v 1

Imperfection level Δ -0.6 1

Delamination (a.u.) -0.7 0.9 1

Thermal diffusivity ae f f 0.6 -0.7 -0.8 1

After applying standard parameters to all specimens z > z0 (c.f. Figure 3) the effect of different surface properties

becomes negligible and the thermal properties of the specimens are expected to be homogenized. The difference
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in thermal diffusivity for samples L,M,N,O,P therefore can only be caused by material properties or geometrical

properties underneath the current layer that influence the heat conductivity. In this regard, delamination issues (c.f.

Figure 5) were found to have a major contribution. The investigations show, that these kinds of errors can in principle

be detected at comparatively long distances.

6. Conclusion and Outlook

Regarding accumulated data by layer, thermographic measurements in terms of effective thermal diffusivity can

reveal changing or incorrect exposure parameters as well as irregularities in a straight forward manner. Inner material

defects (small errors) can be detected by investigating layers close to the zone of irregularities. Additionally, delami-

nations (big errors) can also be detected at great distances to the erroneous inter-layer connection. By averaging over

a specimen’s cross section, different surface properties caused by the exposure strategy contribute to the fluctuations

which in turn complicate the correlation of the highly compacted measurement data to the part quality. From this

point of view, the measurement accuracy and the presented averaging approach have to be improved in future work.

The presented work however shows, that inferior part quality (high imperfection level, delamination) in underlying

layers can be detected even though the same exposure parameters are applied at the current layer. Since the difference

in thermal diffusivity will become less for increasing distance to the irregularities the detectability will vanish at some

point.

The model for thermal diffusivity given above neglects the recurring energy input characteristic of the exposing

strategy. Taking this into account would require that the material response Tmat(t) to a single hatch vector is known.

Then the repeated energy input can be modeled by using a mean temperature rise T̄ depending on the amount of passes

and temporal distance between subsequent passes of the laser beam. Once the laser beam is outside of the sphere of

influence, the heat conduction can then be assumed to be given by equation 4, but with temperature difference T̄ .

The detailed investigation on the material response is the topic of ongoing research employing high speed and high

resolution temperature measurements.

Furthermore, it has to be noted, that the given model is valid only if the melt volume depth is high enough to

establish a thermal contact to the solidified volume (heat conduction primarily in the z direction). When the melt

volume depth is too low, the thermal contact becomes insufficient and the model assumptions become invalid because

heat transport takes place in all directions and not only in the build direction.
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