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Mary- Hegeler-Stipendium Report
I was granted the Mary-Hegeler-Stipendium from June 2016 for one year. During this

time-frame, attempt was made to attract the financial support from the German

Research Foundation (DFG) for the coming years of my academic career. The proposal

entitled “Grain-orientation dependent nitriding behaviour of cubic and hexagonal
substrates” was accordingly submitted to DFG. The submitted proposal was granted

the three years of financial support starting from August 2017. The topic of this
accepted proposal will be discussed in more detail in section (I) of this report.

In addition, parallel research was carried out to investigate the discontinuous

precipitation upon the age-hardening of invar based-Sn alloy. In this project, the effect

of continuous precipitation on the kinetics of discontinuous precipitation of Ni3Sn2 was
specifically studied. The outcome of this research has been compiled as a journal paper

and is now under review. The summary of this study has been briefly indicated in
section (II).

Section (I):

The DFG project AK 227/1-1 will be allocated to study the effect of grain orientation on

the nitriding behaviour of different substrates and will be performed at the Institute of
Materials science of TU BAF.

Previous nitriding investigations performed on polycrystalline austenitic stainless

steels and ferritic Fe-based alloys revealed that in the presence of residual
macrostresses on the surface of nitrided specimen, the nitriding rate depends on the
orientation of surface grains. That is, the surface nitrogen concentration and the

nitriding depth decrease upon increasing the angle between the surface normal of the

grain and the normal of a {100} plane (see Figure 1). This phenomenon can be ascribed
to the heterogeneous distribution of residual macrostress developed during nitriding on

the differently-oriented surface grains due to the elastically anisotropic nature of cubic
substrates. Up to now, this phenomenon is only studied for a limited range of cubic

materials with Zener´s anisotropy ratio larger than one. In order to confirm the current
idea for the grain-orientation dependence of the nitriding behaviour of polycrystalline
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alloy, and in order to improve the understanding of this phenomenon, it is desired to
broaden the range of materials for which data on orientation-dependent nitriding exist.

Figure 1: a) Analysis of the surface of a nitrided ferritic Fe-4.5 at.% Cr thick-plate specimen by means of a
EBSD (Electron Backscatter Diffraction) orientation map coloured according to the direction surface
normal and an EPMA (Electron Probe Microanalysis) line scan along the white dotted line giving the
results as black dots. Nitrogen content is lower in grains with blue colour (with the (111) plane parallel to
the surface) b) Corresponding nitrogen-depth profiles recorded on different grains in the cross-section of
the nitrided specimen. Nitrogen-depth profile related to (111) plane parallel to the surface is shallower [1].

Therefore, the primary purpose of this research is to investigate the grain-orientation

dependent nitriding behaviour of a broader range of metallic substrates with different

elastic properties or different crystal structures. To do so, controlled gaseous nitriding
experiments will be performed on the cubic W-based alloys (W-V and W-Ti) with
Zener´s anisotropy ratio equals to one, on the cubic Mo-based alloys (Mo-Cr, Mo-V and

Mo-Ti) with Zener´s anisotropy smaller than one and on the hexagonal Co-based alloys

(Co-Cr and Co-V) (see Figure 2). Studying internal nitriding of refractory metal-based
substrates (Mo- and W-based alloys) will be carried out at moderate temperature of 900
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°C using NH3 gas or a mixture of NH3 and H2. This is the first time that the internal

gaseous nitriding of these materials will systematically be studies at moderate nitriding
temperatures using NH3-based media. Also, low-temperature nitriding of hexagonal Cobased alloys which may result in development of expanded phases will be performed

using temperature range of 350-450°C. Previous low-temperature nitriding experiments
revealed only the development of austenitic expanded phases upon nitriding of

stainless steels. Thus, in this research the possibility for the formation of hexagonal
expanded phase will be investigated.
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Figure 2: Elastic compliance dependent term as a function of orientation factor for pure ferrite, pure Ni,
pure W and pure Mo [2]. Orientation factor varies from 0 for (100) plane parallel to the surface to 0.33 for
(111) plane parallel to the surface.

Section (II):

Fe-36 wt.% Ni alloy so-called invar is well-known for its dimensional stability upon

temperature change between 20 °C to 100 °C. However, this alloy cannot be applied

under the conditions where the enhanced strength properties are demanded. Previous
researches on age-hardening of this alloy have been shown that by addition of the

alloying elements, the modified hardness and strength of this alloy can be achieved

[3,4]. Previous investigations on Invar based-Sn alloys have been conducted to study
the microstructure of Ni3Sn2 precipitates developing discontinuously in the form of
lamellar/cellular
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discontinuous precipitation (DP), the supersaturated matrix (invar based-Sn alloy)
decomposes into the matrix of less saturation and Ni3Sn2 precipitate.

In my research, the focus was attributed to the microstructural changes upon the age-

hardening of Fe- 33 wt.% Ni-7 wt.% Sn alloys. To have a better understanding of the

DP reaction in invar based-Sn system, the experimental measurements were carried
out to investigate the growth kinetics of DP reaction.

It is believed that the specific mass ratio of Fe to Ni atoms in Invar alloys results in a

very low coefficient of thermal expansion (CTE) values between 0 °C to 100 °C [6]. By
forming the Ni3Sn2 precipitates during aging process, the matrix has been depleted from

Ni atoms and thus the ratio of Fe to Ni increases within the matrix. This causes an

undesirable increase of CTE. Similar observation has been made in Figure 3a in which

the CTE values shift to the higher amounts by increasing the aging time (i.e. increasing
the DP fraction). Figure 3a suggests that the CTE of homogenized specimen increases
from 2.5 ppm °C-1 to the 7.5 ppm °C-1 at room temperature.
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Figure 3: (a) Change of CTE as a function of temperature for the Invar based-Sn alloy before aging and
after aging for different times at 700 °C. (b) Decrease of the Curie temperature by increasing of the aging
time. The Curie temperature has been measured using energy jump method [7].

According to Figure 3a, CTE of all specimens have drastically increased around the

temperature range of 150-180 °C which is the Curie temperature. At this temperature,
material undergoes the ferromagnetic to paramagnetic transition. Figure 3b shows that
the Curie temperature of Fe-Ni-Sn alloy decreases by increasing of the aging time. This

emphasizes the fact that upon development of DP, the magnetic properties of invar
alloy has considerably changed.
June 2017

4

Dr.rer.nat. Maryam Akhlaghi

Institut für Eisen- und Stahltechnologie

The DP nuclei mainly develop heterogeneously at the grain boundaries [8]. That

means, the starting point of DP reaction is at the migrating grain boundaries. In order to

indicate the velocity of DP reaction front (RF) (i.e. the interface between the

discontinuously transformed and the non-transformed matrices) upon aging, the
position of RF relative to the position of its original grain boundary (OGB) has been

measured as a function of aging time from the recorded images by high temperature
confocal laser scanning microscopy (CLSM) and is shown in Figure 4. Correspondingly,

the first derivative of the RF position change vs. aging time gives the RF velocity value

at that specific aging time. The trend of RF velocity changes as a function of aging time
has also been shown in Figure 4.
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Figure 4: Distance between the DP reaction front and the original grain boundary (OGB) has been
measured as a function of aging time. Obtained velocity of the reaction front (RT) deceases vs. aging time
and then approaches a constant value after the prolonged aging times.

According to Figure 4, the RF velocity declines from the maximum value in the

beginning of aging and approaches the steady-state value after the prolonged aging.

DP reaction has initiated with the high RF velocity of approx. 9 µm/min and continued
by a drastic reduction of RF velocity to the constant value of around 1 µm/min after the
aging time of 50 min. The incubation time for start of DP reaction was 25 min.

To understand the reason for the gradual decline in RF velocity values upon aging, the

evolution of continuous precipitates (CP) ahead of the DP reaction front has been

studied using the electron channeling contrast imaging technique (ECCI). The ECC
5
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images have been shown in Figures 5a and b for the specimens aged for 30 min and

60 min, respectively. The tiny precipitates of high volume fraction (~100-150 nm, Figure
5a) develop after 30 min of aging which are replaced by the coarser precipitates of

~500 nm after aging for 1 h (Figure 5b). That is, within this time interval, the continuous
coarsening (CC) of the Ni3Sn2 precipitates has occurred. Comparing above results with

the change of velocity of DP reaction front as shown in Figure 4, the inconstant growth
rate of the DP reaction occurring at the early stages of aging can be explained as a

result of the continues coarsening of Ni3Sn2 precipitates. The coarsening influences the

total Gibbs energy change of system (∆Gtotal ) applied for the progress of DP reaction.
Once the variations of CP particles size stop, the RF velocity reaches a constant value
as shown in Figure 4.

Figure 5: Sequence of continuous precipitates (CP) development ahead of the discontinuous precipitates
(DP) reaction front in the homogenized specimen after aging for (a) 30 min and (b) 1 h. By increasing the
aging time, the CP precipitates have coarsened.
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