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Abstract

The present work focuses on the industrial inhibition of gaseous nitrided parts and on the
industrial in-situ pre-treatment that can be used to avoid these inhibitions. The first objective
IS to obtain a repeatable defective nitriding process on carbon iron-based alloys, while the
second is to determine the ability of determined in-situ pre-treatments to counter the
previously mastered inhibition. Machining oil is used in order to obtain an industrially
consistent inhibition. Its presence before chemical treatment strongly inhibits the adsorption
of nitrogen atoms at the other surface, leading to heterogeneous nitriding properties of the
treated samples. EDS analysis of oil residues indicates the presence of several elements, such
as sulphur and carbon. As several studies already focused on the influence of sulphur on
nitriding properties, experimentations on the influence of carbon are detailed. Contamination
by carbon deposit leads to similar inhibition as in the case of a machining oil contamination.
Literature analyses lead to the determination of three in-situ pre-treatments, namely urea
(CH4N,0), pre-oxidation and ammonium chloride (NH4CI), to counter the detrimental effects
such contaminations. Although all the processes enable to suppress the nitriding inhibition
due to the presence of machining oil, ammonium chloride indicates the best capability to

activate the adsorption of nitrogen of machining oil contaminated surfaces.
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1. Introduction

Thermochemical surface treatments of steels, such as nitriding or carburizing, are of high
importance in industry. Gaseous nitriding is known to generate residual stress and hardness
gradients at the surface of the treated parts, up to 1 mm in depth for long treatments [1]. It
consists in heating between 450 and 590 °C a carbon iron-based alloy in a nitrogen-rich
atmosphere, for a duration varying between 50 and a few hundredth hours. The ammonia
molecule NH;® is submitted to a catalytic decomposition phenomenon, leading to the
adsorption of atomic nitrogen N*® at the iron surface and the formation of gaseous hydrogen

H,® [2-4].

NH3& > N34S 4 “H,®
The increase in nitrogen surface concentration leads to the diffusion of this element to the
core of the treated parts [5] and the formation of a nitrided layer that can be dissociated in two
parts, depending on the nitriding parameters. At the surface of the sample, a compound layer
composed of e-Fe,.3sN and/or y’-Fe4sN can develop [6], followed by a so-called diffusion layer
composed of a tempered martensitic (ferritic with carbides) matrix with interstitially dissolved
nitrogen, cementite at grain boundaries and finely dispersed alloying elements nitrides MN

(M=Cr,Mo, V, ..)[7]

Before nitriding, parts are submitted to different industrial processes, notably in order to give
the parts their final shape. These steps can strongly alter the surface state of the parts, being
potentially detrimental for the nitriding process. The surface state can be distinguished in two
kinds, namely the mechanical state and the physical and chemical state. The first can be
altered by rough machining and mechanical surface treatments and can lead to a modification
of both precipitation [8-9] and diffusion kinetics [10]. However, it should be emphasised that

non-negligible modifications are enabled by extremely high deformation rates, such as 80%,
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generally obtained by cold-rolling [11]. Also, it doesn’t seem that this state enables to obtain

an industrially non-conforming nitrided part.

Physical and chemical states of a surface also impact the catalytic properties of the substrate
and can even reach the total inhibition of the catalytically based reactions [12]. These
substrate alterations can modify the nitriding phenomenon and potentially lead to industrial
nonconforming parts after treatment. The deactivation of treated surfaces has different origins,
such as poisoning or fooling and can be generated during machining, stocking or different
treatments applied to the parts before the nitriding treatment. Poisoning is due to a particle,
which is easily and strongly adsorbed at the surface of the catalyst, leading to the blocking of
the active sites, or in some case, a modification of the electric adsorption properties of the
surface. In the case of iron, Maxted et al. reported that poisons are elements of group 5A (N,
P, As, Sh) and 6A (O, S, Se, Te) [13]. In the case of nitriding of steels, sulphur, that can be
present in machining oils or lubricants, is known to strongly impact the adsorption of nitrogen
atoms at the surface of iron [14-15]. Fouling of the catalytic element, which consists in a
physical blocking of the active sites, mostly by carbon-based particles, prevents the contact
between the catalyst and other elements of the transformation [16]. The carbon particles are
generally due to the catalytic dehydrogenation of high molecular weight hydrocarbons. No
work on the influence of carbon presence at the surface of parts before nitriding has been

found.

In order to counter all these sources of pollution and guarantee the reliability and quality of
the nitriding process, several pre-treatments are industrially used. Some are reported to
increase the nitriding kinetics, while others are used to counter the detrimental effect of a
potentially degraded surface as introduced in the previous paragraph. Treatments can be group

in three categories: physical and mechanical, liquid and finally, gaseous treatments.

Page 4



Physical and mechanical treatments that affect in-depth the material before nitriding, concern
mainly cathode sputtering and shot peening respectively. Baranowska et al. showed that
cathode sputtering, before 3 h nitriding of pure iron, enables to strongly increase the
compound layer thickness [17]. It was shown on low alloyed steel that a mechanical pre-
treatment, inducing nanostructured surface induced by plastic deformation can involve an
increase of diffusion kinetics in the case of a nitriding treatment of 15 h [18]. However, it
must be considered that these results are obtained for short durations of treatments. The
impact of such pre-treatment on the nitriding properties could be negligible for industrial

durations of hundredth of hours.

Liquid treatments consist mainly in washing, dipping and rinsing the parts with specific,
chemically controlled products. Birky compared the efficiency of several pre-treatments
applied before few hours of gaseous nitriding of two steel grades [19]. Chemical multi-stage
washing of samples enabled a faster and more homogeneous compound layer formation. If
this preparation improves the reliability of the treatment, no results indicates higher nitriding
properties than the reference. The misuse of these processes can lead to the presence of
residues at the surface of parts, leading to a potential inhibition of the nitriding. Haase studied
the impact of several surface cleaner builders on the nitrogen concentration after a defined
nitriding process [20]. The presence of residues generated by some of these products, such as
sodium metasilicate Na,O3Si or borax Na,B;0,.10H,0, leads to a strong reduction of the
adsorption of nitrogen. It was also shown that rinsing a part is essential in order to limit the

presence of residues and to obtain conforming nitriding properties [21].

The in-situ gaseous activating processes show a growing interest in the nitriding
applications [22]. These processes, enabling the surface preparation of the parts in the
nitriding oven, strongly limit the potential sources of contamination between the activation

and the final nitriding process, increasing its reliability. It consists in activating the surface by
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a direct contact between the surface and a gas at temperatures lower than the nitriding
process. The gas can come from solid species at room temperature that generates an activating

gas under thermal decomposition.

One of the most common in-situ pre-treatment is pre-oxidation. Friehling et al. shows that this
process reduces the incubation time of nitride nucleation [23]. Two hypotheses on the nature
of this impact have been settled in another work. One suggests that the presence of an iron
oxide layer influences the nitride nucleation while the other suggests that the presence of this
layer inhibits the desorption or nitrogen during the catalytic decomposition of ammonia,
leading to a higher amount of nitrogen at the surface. Pre-oxidation also modifies the iron
nitride nucleation localization from grain boundaries to homogeneously on the whole surface.
This enhanced nucleation is explained by an accelerated dissociation of NHj3 at the surface of
the samples. Irretier et al. studied the impact of surface pollution, such as molybdenum
sulphide MoS, iron phosphate FePO,- (H20) or Fe3(PO4),, machining oil, neutral cleaner and
alkaline cleaner and of a pre-oxidation treatment on the surface hardness of different steel
grades, including 42CrMod4, after 4 h of nitriding [24]. The impact of the pre-treatment varies
according to the contaminant nature, and in the case of machining oil, 30 min of pre-oxidation

had an even higher detrimental effect on final surface hardness.

The second kind of in-situ pre-treatments is often referred as solid preparation. These are
carried out by placing the solid-reactant in the nitriding oven, generating a gaseous product
during its thermal decomposition. A patent filed by Christiansen et al. indicates the
consistence of this kind of pre-treatments in the case of nitriding [25]. The patent establishes a
list of the employable products, including urea CH4N,O and indicates that this kind of pre-
treatments enables to nitride stainless steels but also low-alloyed steel with a surface
contaminated with lubricant residues or severely deformed by a rough machining. It

establishes a minimal temperature, in order to obtain the right decomposition product of, at
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least, 350 °C. The time is expected to be long enough to enable the treatment of the whole
surface. In order to determinate the potential product responsible for the surface activation, it
IS necessary to study the thermal decomposition of this product. The work lead by Schaber et
al. on this subject indicates complex decomposition and re-composition [26]. However, at
350 °C, for long enough treatments, every solid product totally decomposes into gaseous
species. Amongst these, cyanic acid HNCO is formed, starting at 350 °C and reaching a
maximum of concentration around 400 °C. It is expected that this substance is responsible for

the surface activation.

A patent filed by the company Parker Netsushori Kogyo indicates the possibility to prepare
surfaces before nitriding by using ammonium chloride NH4CI [27]. The thermal
decomposition of this product leads to the formation of gaseous hydrogen chloride HCI and
ammonia NH3. The hydrogen chloride is expected to chemically attack the surface, leading to
the decomposition of a potentially contaminated layer. While the first product enables the
activation of surface, the presence of ammonia can lead to its adsorption and the potential
formation of a white layer before the nitriding treatment, generating a protection against

eventual detrimental oxidation of the surface.

The most common sources of industrial nitriding inhibitions are the poisoning adsorption of
specific species, namely sulphur, or an inhibition by the physical presence of carbon at the
surface of the parts. In order to counter these defects, surface activation processes are
industrially used. While mechanical and liquid preparation are known and widely used, few
results have been found concerning the surface activation potential of gaseous pre-treatments.
The present work focuses on the ability of three in-situ gaseous pre-treatments, namely pre-
oxidation, urea and ammonium chloride, to activate the surface of industrially machined

samples with several degrees of water-dissolved machining oil lubricants.
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Experimental procedure

2.1 Material

Samples (17x13x5 mm?®) are manufactured from a 33CrMoV12-9 grade steel, austenitized at
920 °C for 90 min followed by a quenching and tempering at 640 °C under nitrogen
atmosphere in order to have a tempered martensite material. The chemical composition,
analysed by spark emission spectrometry (SPECTROMAXx MX5M BT from SPECTRO), is
provided in Table I. Before any treatments, samples are degreased, rinsed in water and dried

in alcohol. This state is referred in the rest of the study as the reference state.

2.2 Nitriding

Nitriding is carried out using a SETSYS Evolution thermogravimetric analyser from
SETARAM Instrumentations. The atmosphere is composed of a mixture of ammonia,
hydrogen and nitrogen (200 mL.min™). The temperature is set up at 520 °C, for a nitriding
potential of Ky = 3.7 atm™? during 300 min. The duration of treatment is chosen to be low as
the impact of the physical and chemical state on the nitriding properties should be decreasing
with the nitriding duration. Three vacuums down to 20 Pa followed by refilling with helium
was performed before each treatment. Heating and cooling steps are conducted under an
atmosphere of neutral gas, He and N, at a rate of 10 °C.min™. Mass gain curves are corrected

from fluid dynamics using a copper covered sample under the same treatment conditions.

2.3 Material characterization

After nitriding, samples are grinded and polished down to a 0.5 um diamond solution and
cleaned by ultrasound during 3 min before being etched with a 2%-nital solution (2 mL of
nitric acid HNO3 in 98 mL of ethanol C,H¢O). Microstructure observations are carried out
under an Olympus BX41M optical microscope equipped with a PixelLink camera and a

JEOL JSM 7001F FEG scanning electron microscope (SEM) using a 15 kV acceleration
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voltage. Hardness profiles were obtained using a LEICA VMHT device with a load of 1.9 N
applied during 15 s. The effective depth of nitrided layers is defined as the depth for which
the hardness value is equal to the bulk hardness plus 100 HVO0.2 [28]. The chemical
composition is analysed by a SPECTROMAXx MX5M BT spark optical emission
spectrometer from SPECTRO, Amtek. Depth profiling is obtained by successive mechanical
grinding until elimination of previous sparks. Layer removal was controlled by dial indicator.

Profiles are obtained from four measurements at different locations of one side of samples.

2.3 Oil-based contamination

Contamination is carried out using a BLASOCUT BC 935 Kombi machining oil from Blaser
Swisslube. Although the chemical composition is not fully known, the product is composed of

phenoxypropanol CgH1,0,, petroleum sulfonates, sodium salts and carboxylic acid ether.

Samples were soaked in a mixture of machining oil and water. The machining oil is dissolved
in water at different ratio. Several ratios were studied in this part of the work, namely 1, 5 and
25 %. After 1 min of soaking, samples are taken out from oil bathing and droplets of oil at the
surface are manually removed using an absorbing paper. Samples are then immediately placed

in the thermogravimetric analyser for thermochemical treatments.

2.4 Carbon deposition

In order to study the influence of the presence of carbon on the treated surface, carbon
deposition was performed on a sample under a vacuum bell using a heated carbon wire heated
by joule effect. Considering the time of the experimentation, the carbon layer thickness on the
facing side can be estimated between 300 and 500 nm. On the opposite face, it is expected

that no or little carbon is deposited.

2.5 Pre-treatments
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Pre-oxidation was carried out in the thermogravimetric analyser. The vacuum procedure
proposed in the nitriding section is applied before the pre-oxidation treatment in order to
avoid unwanted oxidation from residual air. Pre-oxidation is carried out at a fixed temperature
of 350 °C during 1 h. The atmosphere is composed of pure oxygen at a rate of 30 mL.min™
mixed with helium at a rate of 200 mL.min™. After oxidation, sample is cooled to room
temperature under inert gas in order to visually control its aspect. The pre-treatment, if
correctly carried out, generates a layer of iron oxides at the surface of the part, leading to a
blue aspect of the overall surface. As a direct consequence, an optical observation of the
surface before nitriding gives qualitative information on the quality and homogeneity of the

pre-treatment.

Urea and ammonium chloride used were pure at 99.0 % and are solid at room temperature. A
mass of 200 mg of products is introduced with the treated sample in an atmosphere controlled
oven (HM70 from Pyrox). Pre-treatments are carried out at 400 °C during 100 min under inert
gaseous nitrogen N, in order to prevent the sample from oxidation during heating. Heating
and cooling of the sample are carried out at 10 °C.min™ under inert gas N,. After cooling
down to room temperature, samples are immediately introduced in the thermogravimetric

analyser in order to be nitrided.

3. Results
3.1 The reference state

The mass gain, obtained by thermogravimetric analysis, of the sample is presented in Fig. 1.
This experimentation was carried out several times in order to study the variability of the
experiment. The mean value of final mass gain is 1.49 + 0.03 mg.cm™. The results also show
important nitriding kinetics during the first hours of the treatment. After nitriding, the sample
showed a homogeneous light grey matt surface. Observation of the microstructure reveals a

compound layer, with a mean thickness value of 9 + 0.9 um, followed by a diffusion zone

Page 10



(Fig. 2A). Hardness measurements are given in Fig. 3. The hardness profile shows a surface
hardness value of 940 HV0.2 at 40 um and an effective depth of 135 pum. The nitrogen and
carbon in-depth composition profiles are given in Fig. 4. After 5 h of nitriding at 520 °C, the
nitrogen profile is characterized by a smooth transition from 1.2 wt % at the
compound/diffusion interface to the un-nitrided core material. A decarburization of the
nitrided surface and an enrichment of carbon in front of the diffusion front are also observed.
The occurring of this phenomenon during gaseous nitriding of low-alloyed steels is known

and was already characterised [29].

3.2 Influence of cutting oil contamination

The mass gain profiles obtained during nitriding of two oil contaminated samples (1 and 5 %)
are provided in Fig. 1. The 1 %-contaminated sample has a final mass gain of 0.72 mg.cm?,
while the 5 %-contaminated sample has a very low final mass gain of 0.14 mg.cm™. The mass
gain curves are also spread over time indicating a strong impact of oil residues on the kinetics
of nitriding. The nitriding of a 1 %-contaminated sample has been carried out 4 times, leading
to a final mass gain of 0.67 + 0.10 mg.cm™. Contrary to the relatively low variability of the
mass gain profiles obtained during the nitriding of reference samples, the nitriding of samples
contaminated by 1 % of oil leads to a higher variability, that can be assigned to the
heterogeneity of the film of water-dissolved oil at the surface of samples. In facts, the surface
tension of the sample leads to the presence of oil in the shape of drops of various sizes. Fig. 5
provides a macrograph of the two large faces of the 1 % oiled sample after 5 h nitriding at
520 °C. The observation indicates two distinctive aspect of the surface. For most of the
sample, the surface shows a matt light grey aspect while the rest of it has a metallic aspect.
Observation carried out where the aspect of the sample is matt light grey (Pl in Fig. 5)
indicates the presence of a thin white layer. Its thickness is more than 3 times lower than the

reference sample(s) (2.7 and 9 um respectively) after 5h of nitriding at 520 °C.
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Microstructural observations carried at point P2 of the 1 % oil-contaminated sample are
provided in Fig. 2B. The aspect did not change at this point after nitriding (P2 in Fig. 5), and
corresponds to either an un-nitrided zone or to a zone where a diffusion layer is present

without a compound layer.

Microhardness measurements (Fig. 3) were carried out at the two different locations on the
1 %-oiled sample indicated by P1 and P2 in Fig. 5. Locations were chosen according to their
macroscopic appearance from dark to bright grey matt that leads to the assumption of
different kinetics of nitriding. Hardness profiles show that the nitrided surface is characterized
by different effective depths (130 and 75 um for P1 and P2 respectively). It confirms the
heterogeneous nitriding of the treated surface due to the presence of a non-uniform film of oil.
The superficial hardness is however not modified in the present cases. This suggests a similar
enrichment of nitrogen in the diffusion zone or the presence of a compound layer at a

different stage of growth.

Finally, OES analyses (Fig. 6) have been carried out at the two points A and B, indicated in
Fig. 5. Due to the heterogeneity of the sample, no variability is presented. These two zones
are respectively characterized by a heterogeneous metallic and matt aspect and a
homogeneous matt aspect that refers to nonconforming and conforming nitrided zones
respectively. Chemical composition profiles are in agreements with previous observations.
Zone B (homogeneous aspect) exhibits a nitrogen in-depth profiles similar to the reference
after 5 h of nitriding at 520 °C whereas the progress of nitrogen enrichment in the zone with a
heterogeneous aspect (point A) is less important, in terms of surface value and of affected

depth.

Increasing the fraction of oil from 1 to 5% in water tends to fully hinder the kinetics of

nitriding. The final mass gain only reaches 0.14 mg.cm™ after 5h at 520 °C (Fig. 1). The
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global aspect of the sample after nitriding is unchanged, which indicates that almost no white
layer was formed at the surface of the part. Light microscope observations after nitriding
showed no compound layer formed and almost no modification of the initial microstructure
on the whole sample. Microhardness measurements carried at several points of the sample
confirmed the hinder of nitriding with a surface hardness (50 um below the surface) that

reaches only 400 HVO0.2 after 5 h of nitriding against 930 HV0.2 for the reference state

(Fig. 3).

3.3 Influence of a carbon deposition on nitriding

This section focuses on the analysis of machining oil residues generated at nitriding
temperatures. Before experimentation, the sample was submitted to polishing down to a
0.5 um diamond solution and cleaned by ultrasound during 3 min before dipping, in order to
dissociate oil residues from machining chips. After dipping in a 1 % oil-water solution, the
surplus of solution was manually removed with an absorbing paper. Following an isothermal
treatment at 350 °C during 1 h, the surface of the sample was observed with SEM and
backscattered electrons. The sample is characterized by small particles of 1to 5pum
diameters, dispersed regularly at the surface (Fig. 7). According to EDS analysis as compared
to the reference zone, the observed particles are mainly composed of carbon, but also oxygen,

calcium and silicon (Fig. 8). Sulphur, oxygen and calcium are also present in the surrounding.

As several studies over the influence of sulphur on nitriding have been found in the literature,
this work focuses on the influence of a pure carbon deposit. A sample was nitrided after being
submitted to a carbon deposition process, as detailed in part 2.4. The nitriding kinetics during
the two first hours is slower and the final mass gain (0.58 mg.cm™) is nearly three times lower
than the reference that reaches 1.49 mg.cm™ (Fig. 9). The two sides of the sample have a very
heterogeneous appearance after nitriding. The exposed face (facing the carbon wire during
deposition prior to nitriding) indicates mostly a metallic aspect (Point C, Fig. 10). A few areas
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with a matt light grey aspect appear at the bottom of the part (Point A, Fig. 10). The
microstructural observation of the exposed face indicates that a very thin compound layer is
present in the zones where a matt grey aspect is present (Fig. 11A, corresponding to
observation at point A in Fig. 10). The white layer reaches a thickness of 2.5 pum. In the zone
where a metallic aspect can be observed, a diffusion layer is observed without a compound
layer (Fig. 11B, corresponding to observation at point C in Fig. 12). The presence of carbon at
the surface seems detrimental for the nitriding process. This observation is confirmed by
microhardness measurements, carried out at several points of the exposed face (Fig. 10).
Measurements carried out at points where a thick compound layer is present (Point A, Fig. 10)
indicates hardness values at 50 pm of 890 HV 0.2, which is close to the reference. However,
measurements carried out at points where a thin, or no compound layer could be observed

indicates a strongly diminished hardness value at 50 um (Point C, Fig. 10).

3.4 Pre-oxidation and machining oil

Figure 12 gives the mass gain during nitriding of a reference sample, submitted to pre-
oxidation before nitriding. It indicates lower kinetics of nitriding after pre-oxidation. After
five hours of treatment, the final mass gain of this sample reaches 1.34 mg.cm™ which is
0.15 mg.cm™ lower to the reference. The sample had a homogeneous matt light grey aspect on
the whole surface. The microstructure observations and microhardness measurements exhibit
very little difference with the reference sample. The nitrided surface is, as a consequence,
very similar to the reference one and the results suggest that the delay in the Kinetics of
nitriding observed in Fig. 12 corresponds to the initial presence of an oxide layer due to pre-

oxidation.

Pre-oxidation was carried out on samples immersed in machining oil water diluted at different
degrees: 1 %, 5 %, 25 % and pure oil. The corresponding mass gain profiles during nitriding
are provided in Fig. 13. Pre-oxidation considerably increase the kinetics of nitriding of oil-
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contaminated samples. Detrimental effects of 1 and 5 % oil solutions on nitriding are almost
entirely suppressed after pre-oxidation. Microstructure observations of the 1 %-contaminated
sample indicate a homogeneous white layer, slightly thinner than the reference.
Microhardness measurements of the 1 %-contaminated sample indicate a mean surface
hardness of 900 HV 0.2. This value is very close to the reference sample. The effective depth
is equal to 135 um as for the reference. For the 5 %-contaminated sample pre-oxidised, the
microstructure observations show a thick white layer (Fig. 14A), similar as for the 1 %-
contaminated treated with pre-oxidation. Hardness measurements show that the surface
hardness reaches 875 HV0.2, which is almost the same as the reference and that the effective

depth reaches 125 um, which is lower than the reference (Fig. 15).

3.5 Pre-oxidation and carbon deposition

Pre-oxidation was tested on carbon deposition prior to nitriding. The mass gain curve clearly
indicates that the surface with a carbon deposition was activated by pre-oxidation (Fig. 9).
While the carbon-contaminated samples had a final mass gain of 0.58 mg.cm™, the pre-treated
sample reached a final mass gain of 1.49 mg.cm™, similar to the reference. Macroscopic
observation of the samples after treatment shows a homogeneous matt grey layer.
Microstructure observations indicate a similar nitrided surface to the reference with a white
layer thickness of 9 um (Fig. 14B). Microhardness in-depth profiles are given in Fig. 16, for
the exposed side of the sample. Surface hardness reaches 870 HV0.2 for this face. The

nitriding depth is equal to 145 pm, which is higher than the reference (135 pm).

3.6 Urea

Surface preparation by urea and NH4CI were investigated in the case of nitriding of steels
contaminated with machining oil and compared to pre-oxidation. The impact of a preparation
using urea on mass gain Kinetics is given in Fig. 17. Urea preparation involves slightly lower

kinetics of nitriding during the first hours as compared to the reference. However, the final
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mass gain reaches 1.45 mg.cm’, which is lower but close to the reference (1.49 mg.cm™).
Urea pre-treatment on a 1 % oil-contaminated sample leads to a final mass gain per surface of
1.43 mg.cm™. Thermogravimetric analyses of samples contaminated by a 5 % oil solution and
prepared with urea indicate a final mass gain of 1.36 mg.cm™ while the sample without
preparation barely reached 0.14 mg.cm™. The corresponding microhardness measurements are
given in Fig. 18. The hardness at 50 pm reaches 860 and 870 HVO0.2 for 1 and 5 % water-

dissolved oil, and the effective depth reaches 135 and 120 um respectively.

The preparation with urea also had a significant effect on contaminations by 25 % of oil. The
final mass gain per surface reached 0.68 mg.cm™. This value is lower than the reference but
higher than the final mass gain of the sample contaminated by 5 % of oil, nitrided without
preparation process. However, it is lower than the one obtained by a pre-oxidation in similar
conditions (1.25 mg.cm™). The sample contaminated with 25 % of oil and prepared under
urea showed a very thin white layer, with a few locations where it could not be observed, in
agreement with the mass gain curve. The mechanical properties of the sample contaminated
with 25 % of oil and prepared under urea are lower, in terms of surface hardness and nitriding

depth, than the reference (Fig. 18).

3.7 NH,CI

The thermogravimetric analyses carried out over the reference sample and samples
contaminated with oil and prepared with ammonium chloride are provided in Fig. 19. No
reduction of the nitriding kinetics could be observed after applying this pre-treatment to the
reference sample. The final mass gain is 1.49 mg.cm™, which is equal to the reference. The

hardness at 50 um reaches 900 HVO0.2 and the effective depth is 140 um (Fig. 20).

The final mass gains of samples prepared with ammonium chloride after a 5 % and 25 % oil-

contamination reach 1.49 and 1.39 mg.cm™, indicating a strong surface activation potential of
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the considered product (Fig. 19). Hardness-depth profiles of these samples are indicated in
Fig. 20. Hardness at 50 um of all the samples contaminated by different degrees of oil dilution
and prepared with ammonium chloride are close to the reference. The samples contaminated
by 5 and 25 % have a hardness at 50 pm of 920 and 880 HVO0.2 respectively. The effective
depths of the 5 and 25 % samples reach 140 um, which is slightly higher than the reference,

but equal to the reference sample prepared under oxygen.

Discussion

The impact of a machining oil film on the nitriding properties is non-negligible. While the
considered product is industrially used at a 8 % rate, a 1 % oil film strongly inhibits the
nitriding properties. This is confirmed by observing the final mass gain, that are divided by 2
after 5 h of nitriding at 520 °C and Ky = 3.7 atm™? (Tab. 11) and the strong reduction of
mechanical properties (Tab. IIl). Even if the industrial parts are highly cleaned before
nitriding, and are thus theoretically free from oil residues, their complex shapes can lead to a
detrimental surface preparation. In the case of nitriding of an oil-contaminated sample, the
variability of the final mass gain measure is high and can be attributed to the heterogeneity of
the oil film obtained by immersion. The variability of 1 % contaminated and nitrided samples
remains low enough, compared to the diminishing of final mass gain, for not being
detrimental in the present analysis. Increasing the oil-based contamination indicates that the
higher the concentration of oil, the lower the nitriding kinetics is. This result is not in
agreement with the work done by Irretier et al., where a contamination by residues of
machining oil had no significant impact on the nitriding properties generated after a 4 h
nitriding at 520 °C and Ky = 10 atm™? [24]. However, the criterion of evaluation of the

nitriding quality was chosen to be the surface hardness. It has been shown in the present work
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that the surface hardness is not sufficient in order to estimate the quality of nitriding. In Fig. 3,
it can be observed that the values of surface hardness are the same for several areas of the

sample but in-depth profiles vary leading to non-compliant nitriding depth.

The nature of the industrial oil used is also a source of difference with the literature due to the
complex chemical composition of oils. Precautions must be taken during comparisons. The
reduction of nitriding kinetics is due to machining oil residues at the surface of parts. After
isothermal treatment at 350 °C of a sample immersed in water-dissolved oil, SEM
characterizations of the surface mainly indicate the presence of oxide, silicon, calcium,
sulphur and carbon compounds in these residues. The inhibition of catalysis properties by
sulphur poisoning is a much studied phenomenon. Only a low amount of sulphur
concentration can dramatically lower the catalytic properties [14-15]. In the present study, the
effect of a carbon deposition on nitriding was shown to also have a strong and detrimental
influence on the nitriding kinetics. The deactivation of catalytic properties of steels by the
presence of an oil film can then be expected from the carbon residues on the treated surface.
During heating to nitriding temperature, most of the oil film is burnt. Hawkins makes the
distinction between three kinds of carbon deposits [16]. The firsts are fine and loose carbons,
generally generated by dehydrogenation of carbon-containing gas, and are easily removed by
oxidation in air. The seconds are resinous polymeric like carbons due to the dehydrogenation
of high molecular weight compounds, such as alkanes and naphthenes. These two first
categories are expected to be burnt in air at temperatures from 300 °C. If not, heating will
induce the formation of graphitic carbon (the third kind of carbon deposit) that regroups
dehydrogenation of single aromatic rings hydrocarbons, such as benzene, leading to multi-
ring, graphitic form polymers that cannot be removed by air oxidation. It is not expected to
burn in air at temperatures below 580 °C. In the case of the experimentations lead in this

work, the burning of oil by heating at nitriding temperatures generates residues of carbon of
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the third kind, leading to a local complete inhibition of catalytic properties. SEM-observations
indicated that these residues are homogeneously spread out all over the surface, locally
inhibiting the catalytic deactivation. At the locations where the surface is clean from residues,
nitriding occurs as in the reference case. As a consequence, for contaminated samples, the
effective surface is reduced, leading to an inhibited global amount of nitrogen adsorption
during the process. If the contamination is high enough, the inhibition of nitrogen adsorption

can lead to the prevention of the compound layer formation.

Three surface in-situ preparations were investigated. Urea and NH,CI were compared to pre-
oxidation prior to nitriding. Their efficiency was tested on samples immersed in water-
dissolved oil. Some work has been done over the influence of pre-oxidation before gaseous
nitriding. During the present work, it has been carried out over cleaned and contaminated
samples. During the pre-treatment of cleaned samples, the early nitriding Kkinetics
observations showed that an incubation time has been settled by the pre-oxidation. It should
be considered that the layer formed during pre-oxidation is decomposed during the heating
under neutral gas and during the nitriding process. This is expected to happen by the
phenomenon of oxide layers reduction that occurs due to the presence of hydrogen. This
reduction can generate an incubation time during the nitriding treatment, depending on the
thickness of the layer. However, this result is in contradiction with the different results
obtained in the literature, indicating that a pre-treatment by oxidation reduces the incubation
time already present during the nitriding process [22]. It should be considered that the pre-
treatment parameters can influence the layer formed. Irretier et al. prepared the samples with a
very low partial oxygen pressure (5.7 10°2° Pa) [24], while the oxidation process was carried
out, in this work, with a partial oxygen pressure of approximately 13 10° Pa. As a
consequence, it can be assumed that the layer formed during the present work is thicker than

the one obtained in the reference, leading to a non-negligible reduction duration, and so, a
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higher nitriding incubation time. As a reminder, no optimisation of the pre-treatment

parameters is carried out during this work.

The work carried out by Irretier et al. also showed that a pre-oxidation of 30 min in air
improved the mechanical properties after nitriding in the case of 42CrMo4-grade steel, and
inhibited these mechanical properties in the case of C15 and X155CrMoV12.1 grade steels
[24]. Neither of these results is in agreements with the present work. The considered pre-
oxidation treatment only enabled to negligibly modify the mechanical properties of the treated

sample.

On some specific alloys, the pre-oxidation treatment leads to a higher surface hardness for the
reference state. This increase can be explained by supposing that the pre-oxidation treatment
has an impact on the nitride precipitation, leading to thinner nitrides and as a consequence,
higher hardness. It should also be considered that the activity of oxygen at the surface of the
solid leads to the diffusion of carbon to the surface, indicating a loss of carbon in the first

tenth micrometres of the substrate and a modification of nitriding properties.

Also, it should not be forgotten that the results presented by Irretier et al. shows that the pre-
treatment is very sensitive to the steel grade considered. The difference in chemical
composition, notably in alloying elements, of the considered steels between the two studies
could explain this divergence. The oxidation of high-chromium content alloys can lead to the
formation of chromium oxide at the surface of parts, being detrimental for the nitriding
process. Moreover, it should be considered that the mechanical surface preparation of the
reference state is different between the two studies, potentially explaining the divergence of

results.

Despite the influence of the thickness of the oxide layer on a reference sample, pre-oxidation

has a strong capacity to counter the inhibition generated by machining oil residues. This
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impact can be observed over thermogravimetric analysis but also microstructure observations,
hardness and residual stress measurements. While a pollution of 5% diluted oil almost
completely prevents the sample from nitriding, a 1 h pre-treatment by oxidation lead to a
homogeneously nitrided sample, very close from the reference. This capacity to annihilate the

degrading impact of oil residues has been confirmed up to a dilution of 25 % of oil in water.

This study stated that the carbonic particles of the machining oil residues might play an
important role in the inhibition of nitriding by this kind of pollution. In order to verify this
hypothesis, a pre-oxidation treatment (that has a strong impact on machining oil
contamination) is applied to a carbon contamination. The results indicate that the use of this
pre-treatment enables to remove the inhibiting carbon layer, leading to a nitrided layer similar
to the reference. Pre-oxidation involves adsorption of oxygen at the surface of carbon residues
leading to the cleaning of the surface by the formation of gaseous compounds, such as CO or
CO,. The fact that the pre-oxidation treatment activates, in a similar way, a surface
contaminated by oil and by carbon deposit leads, once again, to the conclusion that the
presence of element carbon is a non-negligible reason for the inhibition of nitriding process

by an oil-based contamination.

Finally, urea and ammonium chloride have been tested over reference and oil-based
contaminations. Their impact on reference state before nitriding indicates no remarkable
improvement on the nitriding properties, although the depth of residual stress profiles seems
higher. In the case of the preparation of an oil-contaminated surface, both processes showed
activating properties. Analyses of samples contaminated by 1 and 5 % oil, and prepared by
oxidation, urea or ammonium chloride indicated microstructural and mechanical properties
similar to the reference. In order to compare the different processes, the application of pre-

treatments over a 25 % oil-contaminated sample enables to determine that the ammonium
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chloride provides the higher surface activation capacity. This result can be confirmed by

observing the final mass gain (Fig. 21), but also mechanical properties (Tab. I11).

The activation properties of urea and ammonium chloride are certainly due to their capacity to
generate a chemical etching of the contaminant. This hypothesis could be confirmed by using

different methods of surface analysis.

4. Conclusions

The present work focuses on the inhibition of the gaseous nitriding process by an industrial
contamination, namely machining oil. The results indicated a strong negative influence of this
product over the nitriding properties, i.e. nitrogen adsorption, leading to a heterogeneous
aspect of the parts and a global lowering of mechanical properties. In addition to the well-
known detrimental effect of sulphur and phosphate, the present work shows that the inhibition
of the treated surface can be due to the presence of carbon particles leading to a strong
alteration of the catalytic decomposition. The capacity of several in situ pre-treatments to
counter this inhibiting effect has been studied. The pre-oxidation treatment has no impact on
the nitriding of clean samples, neither in terms of nitriding kinetics nor mechanical properties.
It should be reminded that pre-treatment parameters are estimated from literature analysis and
that no optimisation of these values is carried out. The pre-treatment proved to counter the
inhibiting effect of machining oil-contaminations before nitriding, enabling to reach the
reference nitriding properties, even for samples highly contaminated (25 % dilution rate).
Better results were obtained using ammonium chloride in terms of nitriding kinetics and
nitrogen adsorption since no layer (such as iron oxide from pre-oxidation) has to be reduced.
The surface activation is expected to happen by decomposition of the contaminants, according
to the atmosphere obtained during heating (NH4CIl decomposes into NH3 and HCI). Although,

urea product showed good surface activating properties in the case of low oil dilution rates, its
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ability to counter a machining oil-based contamination proved to be lower than the two

previous processes for a rate of 25 %.
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List of figure captions

Figure 1 - Mass gain profiles of the reference, 1 % and 5 % oil contaminated samples nitrided
-1/2

during 5 h at 520 °C and a nitriding potential of 3.7 atm™".

Figure 2 — Optical microscope observations (2%-nital etching) of the reference (A) and at the
point P2 (Fig. 5) of the 1 % oil contaminated (B) samples nitrided during 5 h at 520 °C and a
nitriding potential of 3.7 atm™,

Figure 3 - Microhardness profiles of the reference, of two different locations (P1 and P2,

Fig. 5) of the 1 % oil-contaminated and of the 5 % oil-contaminated samples nitrided during
5 h at 520 °C and a nitriding potential of 3.7 atm™2.

Figure 4 - Nitrogen and Carbon content of the reference sample nitrided during 5 h at 520 °C
and a nitriding potential of 3.7 atm™?, measured by sparkle spectroscopy (OES analysis).

Figure 5 - Overview of the two faces of the 1 %-contaminated sample nitrided during 5 h at
520 °C and a nitriding potential of 3.7 atm™2. Microstructural observation (Fig. 2) and
microhardness analyses (Fig. 3) are carried out at locations P1 and P2, while nitrogen content
analysis (Fig. 6) are carried out at points A et B.

Figure 6 - Nitrogen content profiles of the reference and at two locations (A and B, Fig. 5) of
the 1 % oil-contaminated sample nitrided during 5 h at 520 °C and a nitriding potential of
3.7 atm™? (OES analysis).

Figure 7 — SEM-BSE observations of 1 %-water diluted machining oil residues at the surface
of polished samples after heating at the nitriding temperatures (520 °C) followed by direct
slow cooling to room temperature under inert gas.

Figure 8 — EDS mapping of machining oil residues heated at 520 °C: Carbon, Calcium,
Sulphur, Oxygen and Silicon.

Figure 9 - Mass gain profiles of the reference, carbon contaminated and carbon contaminated
submitted to pre-oxidation samples nitrided during 5 h at 520 °C and a nitriding potential of
3.7 atm™2.

Figure 10 —Microhardness profiles and overview of the exposed face of the carbon
contaminated sample nitrided during 5 h at 520 °C and a nitriding potential of 3.7 atm™.

Figure 11 — Optical microscope observations (2%-nital etching) at two different locations A

and B (indicated in Fig. 10) of the exposed face of the carbon contaminated sample nitrided

during 5 h at 520 °C and a nitriding potential of 3.7 atm™2,

Figure 12 - Mass gain profiles of the reference and pre-oxidized samples nitrided during 5 h at

520 °C and a nitriding potential of 3.7 atm™2,

Figure 13 - Mass gain profiles of the reference, oil contaminated and pre-oxidized after oil

contamination samples nitrided during 5 h at 520 °C and a nitriding potential of 3.7 atm™.

Page 26



Figure 14 - Optical microscope observations (2%-nital etching) of the sample contaminated
by 5 % oil and pre-oxidized (A) and of the sample pre-oxidized after a carbon contamination
(B) followed by nitriding during 5 h at 520 °C and a nitriding potential of 3.7 atm™,

Figure 15 - Microhardness profiles of the reference, 5 % oil-contaminated and 5 % oil-
contaminated and pre-oxidized samples nitrided during 5 h at 520 °C and a nitriding potential
of 3.7 atm™.

Figure 16 - Microhardness profiles of the reference and of the exposed face of the carbon

contaminated samples nitrided during 5 h at 520 °C and a nitriding potential of 3.7 atm™?.

Figure 17 - Mass gain profiles of the reference and oil contaminated carbon prepared with

urea samples nitrided during 5 h at 520 °C and a nitriding potential of 3.7 atm™?,

Figure 18 - Microhardness profiles of the reference and oil contaminated carbon prepared
112

with urea samples nitrided during 5 h at 520 °C and a nitriding potential of 3.7 atm™",
Figure 19 - Mass gain profiles of the reference and oil contaminated carbon prepared with

ammonium chloride samples nitrided during 5 h at 520 °C and a nitriding potential of 3.7 atm”
12

Figure 20 - Microhardness profiles of the reference and oil contaminated carbon prepared
with ammonium chloride samples nitrided during 5 h at 520 °C and a nitriding potential of 3.7
atm™2.

Figure 21 — Summary of the final mass gain of the reference, oil-contaminated and oil-
contaminated prepared with oxygen/urea/ammonium chloride samples nitrided during 5 h at
520 °C and a nitriding potential of 3.7 atm™2,
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List of Table

Table I: Chemical composition of the considered 33CrMoV12-9 grade steel obtained by spark
optical emission spectrometry.

Composition (wt. %)

Cr

Mo

\

Mn

Fe

0.30

2.97

0.91

0.28

0.51

balance
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Table II: Summary of the final mass gain [mg.cm™] obtained by thermogravimetric analysis.

- Oxidation Urea NH,4CI
Reference 1.49 1.34 1.46 1.49
Oil 1% 0.72 1.47 1.43 -
Oil 5% 0.14 1.40 1.36 1.48
Oil 25 % - 1.25 0.68 1.39
Pure oil - 0.39 - -
Carbon deposit 0.58 1.49 - -
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Table 11l1: Summary of the effective depth [um] obtained by microhardness measurements.

- Pre-oxidation Urea NH,4CI
Reference 135 - - -
Oil 1% 7510 130 135 140 -
Oil 5% 0 135 120 140
Oil 25 % - 115 145
Carbon deposit 0to 90 145 - -
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Highlights

e The impact of an oil-based contamination on nitriding properties is determined.

Thermogravimetric, microstructural and mechanical analyses are used.

Explanations on the oil-contamination are proposed.

Surface activation capacities of in-situ treatment are analysed.

In-situ treatments are based on oxygen, urea or ammonium chloride.

Page 52



