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Abstract. Monitoring the nitriding treatment by analyzing directly the components’ surface state during the
nitriding treatment is particularly interesting, since it allows a process monitoring and control based on the
actual nitriding result. In the present study, two measuring methods are developed and combined with the aim of
a direct surface state analysis during the nitriding treatment: the in situ X-ray diffraction (XRD) method and the
photothermal radiometry. In order to validate the combined application of both methods during a nitriding
treatment under controlled atmosphere, an experimental setup including a miniature nitriding furnace was
developed. Two alloyed steels AIST4140 and AISIH13 are treated with varying process atmosphere and
nitriding potential leading to varying phase composition in the surface layer. As a result, the photothermal
radiometry is shown to be sensitive with respect to the changing surface properties due to the growing compound
layers and when porous layers are generated. It has a high potential to serve as surface sensor in industrial
processes.
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information about the nature of the nitride layers and a
qualitative evaluation of the layer thickness can be
achieved in order to assess the photothermal signals. In
this paper the combination of both methods for the real-
time analysis of the surface layers during gaseous nitriding
are presented. In the first step of the work, experiments
have been carried out using laboratory equipment. Several
results regarding the in situ measurements of nitride
formation and nitride decomposition as well as the
detection of insufficient nitride layer formation are finally
demonstrated and discussed.

1 Introduction

The nitriding treatment is widely used to obtain a compact
compound (or nitride or white) layer and a deep diffusion
layer on steel components. Actual methods for quality
control are the analysis of the process atmosphere using gas
sensors [1] during the process and the metallographic
analysis after the process. However, the control of the
process atmosphere not always guarantees that the desired
nitriding result will be achieved [2]. In order to improve the
process reliability, a surface sensor is required [3].

The photothermal radiometry is a capable candidate
serving as surface sensor. It is a method for the noncontact
and nondestructive measurement of surface layers. The
measurement signals respond to the contrast of the thermal

2 Photothermal radiometry

The photothermal method for the surface analysis involves

properties between the surface layers and the substrate. In
the actual state, a reference method is needed to establish
the correlation of the photothermal signal with the
microstructure of the nitride layers. Therefore, the
approach of the research work is the combined application
of two in situ measuring methods, namely photothermal
radiometry and in situ XRD. With XRD, reference

* e-mail: dong@iwt-bremen.de

the generation of thermal energy in the test object, e.g., by
the absorption of a laser beam, as well as the detection of
the resulting temperature changes, e.g., by means of
infrared radiation, and the reconstruction of the thermal
properties from the measured data [4]. The principle of a
photothermal measurement on a coated sample is
illustrated in Figure 1. An intensity modulated laser beam
stimulates the object surface inducing thermal waves. They
propagate to the layer/substrate interface [5] and are
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Fig. 1. Schematic illustration of the signal origin: a) stimulation and reflection of thermal waves in a coated sample; b) intensity-time
curve of the stimulating radiation I(t) (top) and the resulting temperature-time curve 7'(t) of the surface (down).
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Fig. 2. Characteristic phase curves ¢(w): a) phase curves for different R-values (contrast) with const = d/(2-)%; b) phase curves for

different layer thickness d; with constant R-value.

reflected back to the surface. Depending on the thermal
diffusion length w, the layer thickness d; and the thermal
reflection coefficient R, multiple thermal wave reflections
occur. These waves result in an oscillating surface
temperature, which is recorded by an infrared detector
to obtain the temperature amplitude T, and the phase
difference A¢ (with respect to the stimulating thermal
wave).

In the one-dimensional case, thermal waves have a
characteristic frequency-dependent thermal diffusion

length w [5]:
A 200
-2 _ /= 1
==\ (1)
with:

— a=«/(pc) =thermal diffusivity;

— X =thermal wavelength;

— k =thermal conductivity;

— p=density;

— c¢=specific thermal capacity;

— w = angular frequency of stimulating wave;

- w=2nf,
— f=stimulating frequency.

The thermal reflection coefficient R depends on the
thermal contrast between the layer and the substrate,
expressed via the ratio of their so-called thermal effusivities
E— (kpc)™®. Figure 2 illustrates typical diagrams, in which
the phase signals are plotted vs. the square root of the
frequency (f°® or w”*). The phase maximum increases with
increasing thermal contrast (Fig. 2a) and shifts to a lower
frequency with increasing layer thickness at a constant
thermal contrast (Fig. 2b) [6].

This behavior allows determining the thermal proper-
ties or the thickness of the layer from the value and the
frequency position of the phase maxima respectively [7].

3 Experimental conditions
3.1 Specimens

A low alloyed steel and a middle alloyed steel were chosen
as specimen material. The chemical compositions of the
steels were analyzed by optical emission spectrometry
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Table 1. Chemical composition of the steels AISI 4140 and AISI H13, balance Fe [mass-%].

C Si Mn P S Cr Mo Ni
AISI 4140 0.414 0.245 0.770 0.0087 0.0286 1.012 0.164 0.096
AISI H13 0.417 1.043 0.310 0.0200 0.0049 4.977 1.290 0.209

Fig. 3. Experimental chamber for in situ measurements: a) nitriding furnace (center), system for photothermal radiometry (left) and
XRD measuring system (right); b) opened furnace and specimen with inserted thermocouple on the heating plate.

(OES) and are given in Table 1. Disk specimens of 5 mm in
thickness and 25 mm in diameter were machined, martens-
itic hardened and tempered 2 h at 590 °C. The hardness was
342 £ 9HVO0.5 for the AIST 4140 steel and 572 £ 6 HV0.5 for
the AISI H13 steel. Afterwards, the surface of the
specimens was ground, lapped, polished and cleaned in a
solvent-based cleaner. The specimens were stored in
desiccators for 6 to 12months. The surface state of the
specimens is then defined as “passive”. In addition to
specimens with a passive surface state, several specimens
were polished and cleaned again directly before nitriding.
Such freshly created surface state is defined as “active”.

3.2 Equipment

The experimental equipment consists of a self-built
miniaturized nitriding furnace, a system for photothermal
radiometry using a laser radiation with A=975nm and a
diffractometer (MZ VI E; GE Inspection Technology,
Ahrensburg) (Fig. 3) using Cr-Ka radiation with
A =0.22909 nm and a Position Sensitive Detector (PSD).
The furnace has a sapphire window and a polyimide
window. The window materials are transparent for
infrared radiation and for X-ray respectively. For the in
situ XRD measurement of the nitride layers at elevated
temperature, it should be considered that the diffraction
peaks shift their angular positions from the standard
patterns more or less depending on the temperature, on the
real nitrogen content in nitride and on the residual stress in
the phases [8-10].

The furnace is equipped with a heating plate with
specimen mounting parts, flow meters for process gases
(NH3, N, Hs), thermocouple for temperature regulation,

hydrogen- and oxygen-sensor for determination of nitriding
potential (Ky), as well as a control unit for programming
processes and recording process data.

The photothermal and XRD measurements were
conducted alternatively (quasi-simultaneously) within a
timeframe of about 3 minutes and 5 minutes respectively.

3.3 Processes

The parameters of three nitriding experiments are given in
Table 2. Process 1 was performed in three steps: step 1 was
used in order to supply the reference condition at 550 °C in
N, immediately before nitriding, step 2 served to measure
the development of nitride layer during nitriding in NHjy
and step 3 was used to characterize the decomposition of
nitride in N after nitriding. Additionally, two processes (2,
3) were conducted with a constant incoming gas mixture
(NH3+ Ny +Hy), which was chosen to establish the
nitriding potential Ky=2 by means of preliminary
experiments. The specimen and the furnace were cooled
in N5 from 550 °C down to 60 °C after the process. It should
be mentioned that the addition of NHj3 into the process
atmosphere during heating is necessary to avoid passiv-
ation of the steel surface, especially for polished AIST H13.

4 Results and discussion

4.1 In situ measurements on steel surface during
nitriding and denitriding

Process 1 (as mentioned above, Table 2) was designed to
distinguish the features of the photothermal signals in
different conditions of steel AISI 4140 by three process
steps:
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Table 2. Parameters of the nitriding processes.

Process Steel grade Heating, Process step, 550°C
50-550°C
Holding Nitriding Denitriding
1 AIST 4140 In Ny 37min in Ny 30 min K8 4+ 170 min Kb in NHjy 117 min in Ny
2 AISI H13 In NH; - N, + Hy, - 120 min Kn2 in NHs + Ny + H, -
3 AISI H13 In NH; - N, + H, - 180 min Kn2 in NH; + N, + H, -
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Fig. 4. Measured signals for the surface on steel AISI4140 in N, at 550 °C prior to nitriding: a) photothermal phase curves; b) XRD

diagram (process 1, step 1).

— step 1: specimen in nitrogen gas at elevated temperature
immediately before nitriding (homogeneous surface
state);

— step 2: nitride formation and growing with increasing
nitriding duration;

—step 3: nitride decomposition in nitrogen gas after
previous nitriding process step.

Asreference, the surface state of the specimen at 550 °C
in Ny was measured (Fig. 4) before nitriding in process step
1. The two photothermal phase curves (Fig. 4a) were
plotted from the data from the second and the third
measurements minus the data from the first measurement
serving as the reference. The two phase curves run parallel
to the abscissa near zero degree, which means that no
change (compared to the substrate) of the thermal
properties was detected. The XRD diagram (Fig. 4b)
confirms that only a-Fe, with three associated diffraction
peaks ({110} at 68.4deg.; {200}a at 105.1deg. and
{211} at 152.3deg.), are present. The angle positions of
the diffraction peaks show displacements compared to
those of iron powder in standard of ICDD, PDF Database

(ICDD the International Centre for Diffraction Data: 01-
071-4648) because of the thermal expansion.

The average values of the photothermal phase data
serve as reference and were subtracted from the data of all
following measurements on steel AISI4140. This is
necessary to eliminate the transfer function of the
measuring electronics.

In process step 2, the nitriding process began shortly
after changing the incoming gas from N, to NH;. A high
flow rate of NH3 was applied for 30 min to improve the
nucleation of nitride on steel surface. The flow rate of NH;
was then reduced to a lower level for about 170 min. The
resulting nitriding potentials were about Ky=8 and
Ky =5, respectively.

The photothermal diagrams (Fig. 5a) show that a phase
maximum appeared already on the first curve 17 min after
supplying NH; gas. The phase maximum shifts continu-
ously to lower frequencies with increasing time down to ca.
38 Hz"? and the value of the phase maximum increases up
to ca. 11 deg at 190 min. The results indicate that a nitride
layer is formed and the layer thickness increased with the
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Fig. 5. Measured signals for the surface on steel AISI 4140 during nitriding at 550 °C with Ky 8/5: a) photothermal phase curves; b)

XRD diagrams (process 1, step 2).
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Fig. 6. Measured signals for the surface layer on steel AISI 4140 during holding in Ny at 550 °C after nitriding: a) photothermal phase

curves; b) XRD diagrams (process 1, step 3).

time. The nitride layer has a lower thermal diffusivity than
the substrate and the thermal contrast increased slightly
with the increasing nitriding duration [6].

The corresponding XRD diagrams (Fig. 5b) show the
diffraction peaks of y-Fe ;N and &-Fe, 3N evidently. The
intensity of the nitride peaks increased with increasing
time, whereas the intensity of a-Fe peak coming from the
region below the compound layer decreased, which

confirms the growing of the layer thickness during the
process. These results correlate well with the interpretation
of the photothermal measurements that the compound
layer is formed and the thickness grows with the nitriding
time.

After completing the step 2 of the process, step 3
(denitriding for 117min) was started by changing the
incoming gas from NHj3 to No.
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Fig. 7. Measured signals on steel AISI H13 with an active surface during nitriding with Ky =2 at 550 °C: a) photothermal phase

curves; b) XRD diagrams (process 2).

Within the first 32 minutes, the photothermal phase
signals (Fig. 6a) lowered slightly, thereafter the phase
maxima raised strongly. By comparison with Figure 2a, it
can be concluded that the thermal contrast between the
surface layer and the substrate decreased first slightly and
then increased strongly.

The XRD diagrams in Figure 6b exhibit two-stage
changes as well:

— (1) the shift of the diffraction peaks of e-Nitride to a
higher 20 —angle (lower d-value), the reduction of the
e-Nitride intensity and the increase of the +y’-Nitride
intensity in the first stage within 38 min;

— (2) the continual decrease of the e-Nitride intensity, the
increase of the y’-Nitride intensity and especially the
increase of the a-Fe intensity in the second stage up to
114 min.

The shift of the e-Nitride peaks indicates clearly the
reduction of the nitrogen concentration in the phase.
The vy’-Nitride peaks shifted as well but only slightly,
and the shifts can hardly be noticed. The result
demonstrates the evidence that e-Nitride is transformed
to y’-Nitride firstly and y’-Nitride is transformed to o-Fe
lately. Furthermore, the nitrogen atoms released from
the nitrides recombine with each other to molecular
nitrogen [11].

It can be concluded from Figure 6 that the transforma-
tion of e-Nitride to +’-Nitride is responsible for the
reduction of the thermal contrast in the first stage of the
denitriding, while the transformation of y’-Nitride to a-Fe
cannot be responsible for the increase of the thermal
contrast in the second stage of the denitriding, as the
original phase shift produced by a-Fe should be 0 deg. The
reason for the strongly increasing phase shift could be
attributed to the pore formation, which was proved by

microscopic analysis [12]. Indeed, the pores have a low
thermal conductivity and built an additional layer at the
top of the compound layer.

4.2 Detection of insufficient nitride formation in
process

Process monitoring includes the prevention of an insuffi-
cient formation of the nitride layer. This was checked for
nitriding processes on steel AISTH13 in different surface
state condition. The hot forming tool steel tends to have a
passive surface state caused by the natural formation of a
thin oxide layer. The passive surface layer can block the
nitride formation in the nitriding processes. Two nitriding
experiments were conducted respectively on an active
specimen and a passive specimen. The active specimen
was polished freshly before nitriding and the passive
specimen was polished and stored 6 months in air before
nitriding.

Figure 7 shows the measured diagrams of the active
specimen. At the surface, a nitride layer (compound
layer) is formed according to the nitride diffraction peaks
in the XRD diagrams. The photothermal phase curves
show a similar typical shape while the nitride layer is
formed on the steel surface, which was described
previously for the steel AISI4140. A post-process
microscopic analysis proved that a compound layer with
3pm in thickness and a precipitation layer with about
70 pm in thickness below the compound layer occur in
the steel surface.

Figure 8 shows the measured diagrams during the
process with the passive specimen. No obvious nitride
diffraction peaks, but only a-Fe peaks, can be identified in
the XRD diagrams. Merely a very small Fe,N peak at 63°
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Fig. 8. Measured signals on steel AISI H13 with a passive surface during nitriding with Kx =2 at 550 °C: a) photothermal phase

curves; b) XRD diagrams (process 3).

and 75° might be suspected towards the end of the
process. The photothermal phase curves exhibit an
unusual shape with sloped lines while a comparable
maximal phase signal as reached for the active sample
(Fig. 7a) is observed at high frequencies (>250 Hz"?) by
the end of the process. This indicates that a very thin
compound layer could be found on the surface as supposed
by the XRD diagrams. The result distinguishes from the
case of a successful nitrided steel surface with a complete
compound layer (Fig. 7a). A microscopic analysis proved
that the nitride layer was formed at a small part of the
specimen surface. There are however areas without any
compound layer and with only a very thin inhomogeneous
precipitation layer.

In conclusion, the experimental results confirm that the
photothermal measuring technique has the capability for
the online monitoring of the nitriding process regarding the
nitride layer development in real-time.

5 Summary and outlook

In the present work, a photothermal method was
developed and tested for the in situ monitoring of the
nitride layer formation during the nitriding process. For
this purpose, photothermal measurements were applied
in combination with XRD measurements during nitriding
processes. As a result, the correlation of the photothermal
phase signal to the nitride layer formation was validated
by the XRD method. The experiments were conducted in
a self-developed miniature nitriding furnace, which
allows the combined application of the two measuring
techniques.

The results show that the photothermal radiometry is
sensitive to changes of the thermal surface properties due to

the growing compound layer and when porous layers are
generated. The occurrence of phase maxima in the phase-
frequency diagrams correlates with the formation of the
compound layer via the change of thermal diffusivities. The
frequency positions of the phase maxima relate to the layer
thickness. In order to obtain quantitative information of
the layer thickness, a calibration of the measurement
system is required, which will be addressed in future
investigations.

The performed experiments also allow gaining knowl-
edge about the ongoing mechanisms during the denitriding
of the layer. The denitriding occurred in two stages:

—1) reduction of the nitrogen concentration within
&-Nitrid and e-Nitrid transformation in y’-Nitrid;

— 2) y’-Nitrid transformation in a-Fe and pore formation.
The first stage leads to slight lowering of the thermal
contrast, which increases strongly in the second stage
caused by pore formation.

The performed study shows that the combined methods
of XRD and photothermal radiometry are useful for the
analysis of nitriding processes regarding unanswered
questions concerning the grow kinetics of compound layer,
the surface passivation as well as the pore formation. The
photothermal radiometry has a high potential to be used as
surface sensor in industrial processes.
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