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High-speed directed energy deposition (HS-DED) fundamentally alters laser—material interaction dynamics due to
coexisting fast plasma-related and delayed thermal responses, complicating process stability in transition regimes.
This work investigates the dynamic behavior of AISI 316 L processed on a commercial HS-DED system. It is shown
that conventional grey-box models based on spatially integrated photometric signals fail to describe the process
response at critical operating points. Using multispectral photometric measurements, the emission signal is tempo-
rally separated into plasma-related and thermal components. Based on this, a time-domain metric termed spectral

lag is introduced, providing an emissivity-independent indicator that reliably captures regime transitions.
© 2026 The Authors. Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

High-speed laser-based directed energy deposition of metals (HS-
DED-LB/M) is gaining increasing relevance in industrial applications
such as repair, coating, and near-net-shape manufacturing. Com-
pared to powder bed-based additive manufacturing processes, DED
enables higher deposition rates and flexible material combinations,
while HS-DED in particular allows feed rates of up to 200 m/min with
high geometric accuracy and thermal efficiency [1], making it espe-
cially suitable for coating, functionally graded structures, and rapid
repair of high-value parts. At these elevated feed rates, the laser—ma-
terial interaction departs fundamentally from the conduction-domi-
nated regime characteristic of conventional DED.

In HS-DED, a substantial fraction of the laser energy is already
absorbed by the powder stream during its flight towards the substrate.
As a consequence, process stability becomes highly sensitive to the
balance between in-flight energy absorption and subsequent thermal
coupling to the substrate and melt pool, as the process is governed by
dynamic and cyclic heating and cooling behavior inherent to DED |[2].
Marchese et al. [3] demonstrated that even minor variations in energy
input can induce lack of fusion or porosity, underlining the critical role
of thermal history in high-speed regimes. To ensure stable deposition,
closed-loop process control is indispensable. The effectiveness of con-
trol strategies critically depends on an adequate representation of the
underlying process dynamics. In HS-DED, these dynamics differ funda-
mentally from conventional DED and pose unique challenges for
modelling, sensing, and control. It is emphasized that the present
study is based on open-loop experiments aimed at identifying the
underlying dynamic regimes and enhancing process understanding
rather than implementing a closed-loop control strategy, which will
be the subject of further work.
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1.1. Process dynamics and control challenges

The physical difference between conventional DED and HS-DED
lies in the focus and timing of energy conversion. In DED, laser energy
is predominantly absorbed at the substrate surface, and the process
dynamics are governed mainly by the thermal inertia of the melt pool
and the surrounding material. In contrast, HS-DED operates close to a
transition regime between conduction-dominated and plasma-influ-
enced energy coupling, where both mechanisms may coexist or inter-
mittently dominate. This results in a dual dynamic regime composed
of two coupled but distinct subsystems: a fast plasma-related response
in the powder stream and a delayed thermal response of the melt pool.
These fundamental different time constants introduce a central control
challenge. While the powder-laser interaction reacts on sub-millisec-
ond time scales, the melt pool evolves over several milliseconds or lon-
ger. Consequently, HS-DED cannot be adequately described by a single
dominant thermal time constant. Instead, the process consists of two
coupled thermal systems with strongly different dynamic responses
excited by the same laser input. Many existing control approaches in
DED [4] represent the process as a monolithic input-output system.
Linear time-invariant approximations (e.g., first- or second-order
dynamics) are commonly used for conduction-dominated regimes.
Their direct transfer to HS-DED is not straightforward.

While grey-box models are effective for DED control, their appli-
cation to HS-DED is limited by coupled dynamics. Treating the pro-
cess as a monolithic system averages out distinct powder—melt pool
responses, leading to suboptimal performance. The resulting break-
down of linear models reflects a fundamental limitation rather than
numerical or identification artefacts.

1.2. Photometric monitoring and signal interpretation

Photometric process monitoring is widely employed in laser-
based additive manufacturing due to its high temporal resolution
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and robustness. Compared to camera-based systems, photodiodes
and pyrometric sensors provide bandwidths exceeding 50 kHz and
are therefore well suited for HS-DED applications [5]. State of the art
monitoring systems commonly combine coaxial or off-axis photo-
metric sensing with spectral separation, where visible light spectrum
(VIS) emissions are associated with plasma-related electronic transi-
tions and near-infrared (NIR) bands are dominated by thermal radia-
tion from the melt pool [6].

In practical HS-DED coaxial setups, the sensor field of view often
captures emissions from both the powder-laser interaction zone and
the melt pool simultaneously. Consequently, the measured signal
represents a superposition of fast plasma-dominated and slower
thermally governed emission components. For control-oriented
applications, this mixed signal is typically treated as the output of a
single linear time-invariant system and directly fed into grey-box
models or feedback controllers [4]. While effective in stable conduc-
tion regimes, this approach becomes problematic in HS-DED transi-
tion regimes, where rapid plasma-induced signal changes may be
misinterpreted as variations in melt pool temperature despite
delayed thermal response.

This loss of causal interpretability is further aggravated by emis-
sivity fluctuations and spectral crosstalk, which distort radiometric
intensity measurements and obscure the underlying physics [7].
From a dynamic systems perspective, the observed behavior indi-
cates that HS-DED cannot be represented by a single low-order trans-
fer function, as the superposition of fast and slow dynamics
introduces multiple characteristic time constants that linear control
models fail to resolve. Fig. 1 schematically illustrates the HS-DED
interaction zone and the resulting superposition of plasma-domi-
nated (VIS) and thermally dominated (NIR) emissions within the sen-
sor field of view.
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Fig. 1. HS-DED interaction zone (a) and corresponding multispectral emission signals,
(b) showing the complete photometric spectrum (350—1650 nm) across all available
channels.
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1.3. Objective and approach

This work aims to improve process understanding and monitoring
in HS-DED, where conditions are inherently non-stationary. A sec-
ond-order (PT2) model based on spectrally integrated signals fails to
capture the dynamics due to a temporal offset between fast plasma-
related and slower thermal responses. Using spectrally resolved
measurements and controlled power steps, these dynamics are sepa-
rated, revealing a characteristic spectral lag between wavelength
bands. Based on this time-scale separation, a time-domain metric
termed spectral lag is introduced. The metric relies on relative tem-
poral features rather than absolute signal amplitudes and is therefore
robust against emissivity-induced amplitude fluctuations [3], provid-
ing a physics-based basis for monitoring and control.

2. Experimental basis and data acquisition

To enable a physically consistent analysis of spectral and temporal
dynamics, the experimental setup provides controlled access to
plasma and thermally dominated emission mechanisms, supporting
system identification and spectral decoupling.

2.1. Experimental setup and material system

The experimental setup is based on a 5-axis PE3D system (Ponti-
con GmbH, Germany) operated in 3-axis mode with a stationary
processing head and a moving build platform. A 6 kW LDF 6000—40
diode laser (Laserline GmbH, Germany) with a 400 um fibre core was
used, operating at a central wavelength of approximately 1080 nm,
providing a top-hat intensity profile and a focus diameter of 1.0 mm
Powder was supplied coaxially through a continuous annular gap of a
coaxial nozzle, using gas-atomized AISI 316 L stainless steel powder
with a particle size between 20 and 63 pm (m4p material solutions
GmbH, Bad Marienberg Germany).

2.2. Multispectral photometric sensing

A central deficit of conventional process monitoring is the reliance
on single-channel radiometric measurements, the accuracy of which
is massively compromised by fluctuating emissivity, as recently criti-
cized by Penny et al. (2025) [7]. To overcome this limitation, a multi-
spectral sensor (4DTWO, 4D Photonics GmbH, Germany) was
integrated coaxially into the beam path. The sensor captures the pho-
tometric emissions of the process, resolving them into 32 discrete
spectral channels at a sampling rate of 10 kHz This allows for a differ-
entiated analysis of emission sources, similar to the approach by Maf-
fia et al. [8], who showed that synchronous monitoring of multiple
melt pool descriptors is essential for stable control. The optical sys-
tem uses a dichroic beam splitter to separate the back-reflection of
the laser radiation (=900 nm) from the thermal process radiation.
The channels are divided into the VIS range (350-900 nm), domi-
nated by plasma transitions, and the NIR range (1000—1650 nm),
dominated by the thermal Planck radiation of the heated solid and
the melt pool. The sensor operates as a multi-channel photometric
system without spatial resolution, capturing a spatially integrated
emission signal defined by the coaxial optical setup and the move-
ment of the build plate. The effective measurement area corresponds
to the melt pool region.

3. Methodology

To analyze non-linear transition phenomena in HS-DED, a meth-
odological framework combining control-theoretic system identifica-
tion with spectrally resolved signal analysis is employed. The
approach quantifies the validity limits of linear grey-box models and
introduces a physics-based metric to capture the temporal decou-
pling of distinct emission mechanisms in the laser—material interac-
tion zone. This is particularly relevant as existing modeling
approaches either rely on simplifying physical assumptions or lack
the ability to account for process variability and uncertainty, which
can significantly limit predictive accuracy [9]. By explicitly incorpo-
rating spectrally resolved process signatures, the proposed frame-
work enables a more differentiated characterization of coupled
process dynamics beyond conventional monolithic representations.

3.1. Experimental procedure: step response analysis

System identification was conducted based on the system
response to controlled laser power step inputs under open-loop con-
ditions, following established step-response and time-domain identi-
fication methods as described by Ljung [10]. The laser power served
as the control input, while feed rate and powder mass flow were kept
constant (vf =30 m/min, m-=32 g/min) throughout all experi-
ments. Each experiment consisted of a controlled laser power step
from a varied initial power level to a fixed final power of 2500 W,
ensuring comparable thermal boundary conditions at high power,
and was repeated three times. The response time of the laser power
supply is negligible compared to the observed process dynamics and
can be considered instantaneous. The initial power varied between
1800 W and 2200 W in steps of 100 W The laser power was abruptly
increased to 2500 W and held constant until a quasi-stationary
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emission state was reached, enabling analysis of both the transient
response and steady-state behavior.

The high temporal resolution (10 kHz) enables detailed analysis of
melt path dynamics. During the quasi-stationary phase, signals were
segmented into non-overlapping windows for robust analysis of
intermittent fluctuations.

3.2. Baseline modelling (Grey-Box PT2)

To reflect the state of the art in control-oriented process model-
ling, a grey-box modelling approach based on system identification
was employed. In the work of Moralejo [4], the process was approxi-
mated as a static gain between laser power and melt pool width. In
contrast, first- and second-order linear time-invariant systems (PT1
and PT2) are commonly used in control-oriented modelling to cap-
ture process dynamics. PT1 and PT2 denote first- and second-order
linear time-invariant systems commonly used in control-oriented
modelling. A spatially and spectrally aggregated photometric signal
is constructed by summing all available spectral channels and used
as the model output. The PT2 model was fitted to the measured step
responses using a least-squares identification procedure. Model qual-
ity was assessed using the coefficient of determination R?, defined
here as a variance-based goodness-of-fit metric,

R2=1-— M

> i)
where y; denotes the measured aggregated photometric signal, y; the
model prediction, and y; the mean of the measured signal over the evalu-
ation window. In contrast to correlation-based definitions of R?, which
are restricted to linear relationships, this formulation evaluates how well
the identified model reproduces the measured signal relative to a trivial
baseline model given by the mean signal value. Consequently, negative
R? values indicate that the fitted PT2 model performs worse than a con-
stant mean-value approximation. It is emphasized that R? is not used
here to assess linear correlation or to validate the linearity assumption of
the underlying process. Instead, it serves as a diagnostic indicator for
model mismatch, quantifying the inability of a single low-order LTI model
to represent the aggregated photometric response in the HS-DED transi-
tion regime. Persistently low or negative R? values are therefore inter-
preted as evidence that the measured signal does not originate from a
single dominant dynamic subsystem, but rather from the superposition
of multiple processes with fundamentally different time constants.

3.3. Spectral coexisting dynamic regime analysis

To separate fast plasma-related and delayed thermal dynamics in
HS-DED, a spectrally resolved time-domain analysis is applied.
Plasma-dominated optical emissions exhibit strong high-frequency
fluctuations, whereas thermally dominated emissions evolve more
slowly due to thermal inertia [11].

Fig. 2 shows a representative measured step response at a laser
power of 2000 W, illustrating the temporal separation At between a
plasma-dominated VIS channel and a thermally dominated NIR channel.
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Fig. 2. Spectrally resolved step response at 2000 W, showing plasma-dominated (VIS)
and thermally dominated (NIR) emissions.

The figure serves to explain the extraction of characteristic
response times and is not intended as a quantitative system identifi-
cation result. To obtain robust response times in the presence of
plasma-induced noise, signals were normalized, smoothed, and eval-
uated using a threshold-based criterion. The threshold was defined
as three times the baseline standard deviation, and the response time
was determined as the first instance at which the signal exceeded
this level with sufficient persistence. The plasma-related response
time t; pjgsmq 1S €xtracted from a VIS channel dominated by electronic
excitation, while the thermal response time t, jermq iS Obtained from
an NIR channel governed by Planck-like thermal radiation.

For response time extraction, a representative VIS channel at 317
nm and an NIR channel at 1017 nm were selected, based on their dis-
tinct rise-time behaviour, corresponding to plasma-dominated and
thermally dominated emission, respectively. To enable direct com-
parison, all signals were normalized using a baseline-to-plateau scal-
ing defined from pre-step and post-transient signal levels, rendering
the transient responses independent of absolute intensity. The tem-
poral offset between both responses defines the spectral lag:

At = t; thermal — Lr, plasma

A positive spectral lag indicates that plasma excitation precedes
effective thermal coupling to the substrate. The slight undershoot
observed in the smoothed VIS signal prior to the plasma response is a
filtering artefact caused by the Savitzky-Golay smoothing near the
step transition and has no physical significance. Later increases in the
thermal signal are attributed to heat accumulation and do not affect
the response time extraction. The sensitivity of the spectral lag
extraction to the selected filtering parameters and threshold defini-
tion was evaluated. While absolute response times vary slightly with
filter window size and threshold level, the relative temporal offset
between plasma-dominated and thermal signals remains consistent.
Consequently, the spectral lag is robust with respect to reasonable
variations in signal processing parameters.

4. Results and discussion

The experimental analysis reveals a distinct discontinuity in the
process dynamics as the laser power approaches the transition
regime around 2000 W The following sections evaluate the perfor-
mance of the classical grey-box model and interpret the identified
spectral coexisting dynamic regime based on the derived system
parameters.

4.1. Breakdown of linear model validity

The grey-box modelling approach aims to describe the dynamic
response of spatially aggregated photometric signals using a single,
second-order, linear time-invariant (PT2) model. For each laser
power step, a PT2 transfer function was identified from the measured
step response. This was then evaluated using R?, a variance-based
goodness-of-fit metric, to assess the fit. Across the entire high-speed
operating range, the identified models exhibit consistently low or
negative R? values, indicating a systematic model mismatch rather
than isolated identification errors.

Inspection of the model residuals reveals that this mismatch origi-
nates from the inability of the PT2 model to simultaneously repro-
duce two distinct features of the measured response: an initially
rapid signal increase immediately following the laser power step and
a subsequently delayed evolution towards a quasi-stationary level.
While the linear model attempts to approximate the overall trend, it
cannot capture both time scales with a single set of parameters.

The aggregated photometric signal therefore reflects a super-
position of fast plasma-related and slower thermally governed
dynamics, violating the single-subsystem assumption underlying
low-order linear time-invariant models. Consequently, the
observed model breakdown is attributed to fundamental process
dynamics rather than measurement noise, insufficient model
order, or data quality limitations.
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4.2. Distribution of spectral lag across repeated experiments

The spectral lag Az, defined as the temporal offset between the
plasma-related and thermal response times, was evaluated across
repeated experiments to assess its robustness and sensitivity to the
underlying process state. Fig. 3 summarizes the distribution of Az
as a function of laser power, with each marker representing one
individual experimental run performed under nominally identical
conditions.
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Fig. 3. Distribution of spectral lag Az versus initial laser power. Markers denote mean
values (1), error bars indicate standard deviation (o) from repeated experiments.

The observed variations do not arise from fluctuations in laser
power or traverse speed, but from changes in the effective energy
coupling mechanism. Across the investigated power range from 1800
W to 2200 W, the spectral lag remains strictly positive, confirming
that plasma excitation consistently precedes the thermal response of
the melt pool. The magnitude of Az varies systematically between
individual runs. At lower laser powers (1800—1900 W), the spectral
lag exhibits a relatively narrow spread at 1800 W, followed by an
increase in both mean value and variability at 1900 W In the interme-
diate regime (1900-2000 W), the spectral lag reaches its highest
average values (u ~ 0.28 ms) without forming a distinct peak, as simi-
lar values are observed at both power levels. This regime is character-
ized by increased variability compared to 1800 W, indicating
enhanced sensitivity to the initial interaction state. Within this range,
both weakly and strongly pronounced spectral lag values are
observed under otherwise identical process parameters, suggesting
the coexistence of distinct coupling states. At higher laser powers
(2100-2200 W), the spectral lag decreases compared to the interme-
diate regime, while maintaining a comparable level of statistical vari-
ation. This trend suggests a shift towards more consistent interaction
conditions, where either enhanced in-flight energy absorption or
increased thermal input to the substrate reduces the temporal decou-
pling between plasma and melt pool dynamics. As such, the spectral
lag captures subtle differences in process state that remain hidden in
spatially integrated intensity signals. The consistency of the observed
trends across repeated experiments supports the robustness of the
identified process behavior. The present study demonstrates that Azt
is a sensitive and reproducible metric for characterising the degree of
temporal decoupling in HS-DED. The systematic variation of the pro-
cess across repeated experiments provides direct evidence that the
process cannot be described by a single, unique dynamic state. This
in turn motivates the regime-based interpretation discussed in the
following section.

4.3. Physical interpretation of the spectral lag

The interpretation of plasma-dominated and thermal regimes is
based on spectrally separated photometric emissions and is not sup-
ported by independent diagnostics. The variation of spectral lag
reflects changes in the dominant energy coupling mechanisms in HS-
DED. Small spectral lag values indicate tightly coupled plasma excita-
tion and thermal response. In this regime, stable melt pool formation

is primarily driven by direct laser—substrate interaction, while
plasma and powder-related emissions primarily reflect process con-
ditions, as laser—powder interactions lead to attenuation and redis-
tribution of the incident energy before reaching the substrate [12].

In contrast, larger spectral lag values indicate a pronounced tem-
poral decoupling between plasma excitation and thermal response,
where plasma-related electronic excitation responds almost instan-
taneously to laser power changes while the thermal response of
the melt pool is delayed. This temporal offset reflects fundamentally
different characteristic time scales, with sub-millisecond plasma
dynamics and slower millisecond-scale thermal responses. This
behavior is consistent with plasma-dominated interaction regimes,
in which increased in-flight absorption, plasma shielding, or partial
decoupling of energy transfer reduce the effective thermal input to
the substrate [11,13]. The coexistence of weakly and strongly pro-
nounced spectral lag values under nominally identical process condi-
tions suggests intermittent switching between these interaction
regimes, as previously reported for laser-based manufacturing pro-
cesses operating near stability limits [14].

In such regimes, a single characteristic time constant or steady-
state representation is insufficient. The spectral lag enables the
distinction between process states with similar integrated intensity
but fundamentally different dynamic coupling behavior. It further
explains the limited performance of conventional control approaches,
as aggregated signals combine fast plasma-related and delayed ther-
mal dynamics, leading to conflicting and partially non-causal control-
relevant information. Consequently, control actions may be driven by
plasma-induced variations that are not representative of the melt
pool state. The spectral lag is therefore not a direct control variable,
but a physically interpretable indicator of regimes where conven-
tional linear control models are no longer valid.

5. Conclusion and outlook

This study demonstrates that high-speed directed energy deposi-
tion exhibits coexisting dynamic regimes that cannot be captured by
conventional linear grey-box models. Open-loop step response analy-
sis reveals a breakdown of PT2 model validity in the transition regime
due to the superposition of fast plasma-related and delayed thermal
dynamics. Using spectrally resolved photometric measurements,
these dynamics are separated and quantified by the spectral lag Az,
defined as the temporal offset between plasma excitation and ther-
mal response. At exhibits reproducible, power-dependent behavior
across repeated experiments, with variations remaining within a
well-defined statistical range. This consistent behavior indicates the
presence of multiple, physically distinct process states and suggests
intermittent transitions between different energy coupling regimes.
As a relative time-domain metric, Az is robust against emissivity-
related distortions and reveals process state information not accessi-
ble through intensity-based monitoring. Future work will address
real-time regime detection and transfer to other materials. The
results provide a basis for hybrid modelling of regime-dependent
dynamics.
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