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Abstract 

This work aims at investigating the magnetic effects of austenitic stainless steels which can occur after a low 

temperature carburization depending on the alloy. Samples were prepared of different alloys and subjected to a 

multiple low temperature carburization to obtain different treatment conditions for each alloy. The layer 

characterization was carried out by light microscope and also by hardening profiles and shows that the layer 

devellops with each additional treatment cycle. A lattice expansion could be detected in all treated samples by X-

ray diffraction. Magnetizability was measured using Feritscope® and SQUID measurements. Not all alloys 

showed magnetizability after treatment. In addition to MFM measurements, experiments with Ferrofluid were also 

used to visualize the magnetic areas. These studies show that only about half of the formed layer becomes 

magnetizable and has a domain-like structure. 
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1 Introduction 

Austenitic stainless steels have a wide range of applications, e. g. in the chemical industry and 

plant engineering. At room temperature these steels have a face-centered cubic lattice structure 

(fcc). Since magnetization is not possible with these materials, they are often used as non-

magnetizable components for example as watch cases. Due to the fcc lattice, these steels have 

a low hardness and are only limited applicable for tribologically stressed surfaces. For such 

applications a low temperature carburization process can be used to harden the surface layer. 

The carbon atoms are dissolved in interstitial sites and do not tend to form precipitation due to 

the low temperature carburization. The corrosion resistance is not affected. The carbon 

dissolved in this way leads to a lattice expansion/tension, also known as S-phase or expanded 

austenite with high residual compressive stresses in the layer. Thus, carbon can be dissolved 

in the range of up to approx. 20 at.-%. Some alloys of austenitic stainless steels get magnetic 

effects after a low temperature carburization. In the present work, these effects are further 

investigated. For this purpose, the formed layers and magnetic areas are analyzed more closely 

in order to gain a better understanding of their background. In this paper only a part of the 

materials of the complete sample scope is discussed.  



 

 

2 Experimental 

2.1 Sample preparation 

Nine different austenitic stainless steels were selected for the study. The five materials 

discussed in this paper are shown in Table 1. The sample surfaces were all grinded with 1200 

silicon carbide abrasive paper before treatment.  

 

Table 1: Investigated alloys and their chemical composition 

An untreated reference sample is reserved of all investigated materials. The other samples are 

subjected to a low temperature carburization process for one to six times, to generate 

oversaturation. Sample number 2 was treated only three times in contrast to the other samples. 

The figure behind the sample number indicates the number of treatment cycles performed e. g. 

the sample 5-3 has been treated for three times. After carburization, all samples were cleaned 

with ethanol in an ultrasonic bath and dried with air. Cross cuts were prepared of the samples 

for layer characterization and further investigations.  

2.2 Metallographical examination and hardness profiles 

The layer characterization was done with a light microscope in unetched and etched condition. 

The etching was carried out with Beraha II solution to detect the layer structure, the layer 

thickness and possible precipitations. 

In order to obtain a statement about the development of the layer hardness versus the individual 

treatment cycles, hardness profiles (HV0.025) were measured on the cross cuts.  

2.3 X-ray diffraction  

In order to be able to prove the lattice expansion by carbon solution, X-ray diffraction was 

carried out. The device was driven with a Mo-emitter. The reflexes of the significant 

crystallographic planes allow the identification of the lattice constant (a) and a calculation of 

the interstitial dissolved amount of carbon. 

2.4 Investigation of the magnetic properties  

In order to determine the magnetic effects, the samples were first analyzed with a Feritscope®. 

This magnetic-inductive method is tactile and enables fast measurement of the magnetizability 

of a stimulated measuring volume. The magnetizable fraction is determined in the measured 

volume, without distinction of the magnetizable components e. g. ferrite or precipitation. 

Superconducting Quantum Interference Device (SQUID) enables a significantly finer 

determination of the magnetizability. A very low magnetic field change can be detected and 

thus enables highly sensitive magnetization measurements. Here too, the magnetizable fraction 

contained in the sample volume is determined [Harrendorf, Keck, 2012]. 

In addition, tests with Ferrofluid were also carried out. Ferrofluid contains magnetite particles 

(Fe3O4) with a size of 0.2 µm to 4 µm, which are finely dispersed in an oily carrier fluid. The 

investigation is aimed at the deposition of magnetite particles in magnetic regions of the layer 

in order to make them visible using conventional light microscope. For this, the Ferrofluid is 

applied to a previously magnetized and BerahaII etched cross section. The cross section is then 

Sample-no. Alloy C Si Mn Cr Mo Ni N Cu

2 1.4404/AISI316L max. 0,03 max. 1.0 max. 2.0 16.5-18.5 2-2.5 10-13 - -

3 1.4439/AISI 317LN max. 0.03 max. 1.0 max. 2.0 16.5-18.5 4-5 12.5-14.5 0.12-0.22 -

4 1.4539/AISI 904L max. 0.02 max. 0.7 max. 2.0 19-21 4-5 24-26 max. 015 1.2-2.0

5 1.4529/AISI 926 max. 0.02 max. 0.5 max. 1.0 19-21 6-7 24-26 0.15-0.25 0.5-1.5

8 1.4465/AISI 310MoLN max. 0.02 max. 0.7 max. 2.0 24-25 2-2.5 22-25 0.08-0.16 -



 

 

rinsed with ethanol and dried. The coarser magnetite particles are washed off and only the very 

fine particles are deposited in the magnetic part of the layer. 

Magnetic force measurements (MFM) were carried out in order to visualize the structure of 

the magnetic regions. In an MFM measurement, a very small measuring tip is rasterized with 

a constant force over a sample surface and its displacement is detected with a laser. That 

determines the surface topography (AFM mode). Subsequently, the same measured distance is 

again processed with an offset from tip to sample surface of approximately 15 nm to 100 nm. 

In this lift mode the magnetic properties of the sample surface are measured by interaction 

between the magnetic tip and the sample surface [Nielsch 2002].  

3 Results 

3.1 Metallographic examination and hardness profiles 

In both, the unetched and etched state, no signs of precipitations could be detected with an 

enlargement of up to 1000x. The layer could be well identified after Beraha II etching (Figure 

1).  

 

Figure 1: Beraha II etching for layer thickness adjustment, sample 3-3 

Due to the multiple treatment the layer thickness could be increased with each new treatment 

cycle, in which the difference between 4 and 6 treatments is only slight (Figure 2). 

 

Figure 2: Layer thickness and hardness profiles 

The same pattern can also be seen in the hardness profiles (HV0.025) which were carried out 

up to a layer depth of 100 µm (Figure 2). The maximum layer hardness could not be increased 

by the multiple treatment, only an increased diffusion depth could be demonstrated. Samples 
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of numbers 2, 3 and 8 are slightly below those of number 4 and 5 for the maximum attainable 

hardness. Multiple treatment had no systematic influence on the core hardness. 

3.2 X-ray diffraction and magnetic properties 

The X-ray diffraction measurements revealed a lattice expansion in all treated samples. The 

treatment results in a shift and broadening of the reflexes with an accompanying significant 

reduction of the intensity. Distinct reflexes can only be detected at the reference samples 

(Figure 3). After the low temperature carburization, the specimens have an inhomogeneous 

boundary layer with a decreasing lattice tension in the direction of the bulk material. The 

graduated layer structure leads to an asymmetric expansion of the peaks. The modified peaks 

can further be caused by an expanded/undefined lattice structure in the outermost layer, which 

makes it considerably more difficult to assign the lattice planes at multiple treated samples. 

The lattice expansion is clearly shown and probably there is a transition from a well defined 

lattice structure towards a more amorphous-like state. 

 

Figure 3: Peak-shift and peak-broadening due to lattice expansion of sample no.5  

Table 2 shows the distinct lattice expansion, which is only a rough approximation in the case 

of multi-treated samples. After two treatments the decreasing lattice parameter cannot be 

regarded as particularly meaningful. The alloy 2 and 3 remains under a lattice expansion of 

0.38 nm. No precipitations could be detected by the peak formations. This preliminary result 

will be checked by transmission electron microscopy (TEM) measurements.  

 

Table 2: Mathematically determined lattice parameters 

The dissolved carbon content can be calculated from the determined lattice parameters. (Table 

3) [Cheng, Böttiger, de Keiser, 1990]. Therefore, these data are subjected to the same problem 

with the already described identification of the lattice planes. For this reason, Table 3 shows 

only the calculated amount of dissolved carbon for once treated samples as an example. 

sample-no. Ref 1x 2x 3x 4x 5x 6x

2 0.3604±6 0.3687±19 0.3710±19 0.3723±23 - - -

3 0.3606±8 0.3760±28 0.3763±29 0.3736±26 0.3777±22 0.3768±21 0.3782±25

4 0.3611±7 0.3816±42 0.3807±42 0.3790±49 0.3731±67 0.3792±92 0.3775±86

5 0.3614±2 0.3818±30 0.3776±41 0.3804±22 0.3731±90 0.3687±92 0.3636±97

8 0.3610±4 0.3784±64 0.3802±92 0.3816±89 0.3710±91 0.3692±90 0.3658±88

lattice parameter (a) [nm] ± standard deviation [10^-4 nm]

5-Ref 

5-1 

5-2 

5-3 

Reflex positions of ideal FeC -fcc 



 

 

 

Table 3: Carbon content calculated from lattice expansion 

The amount of soluted carbon exceedes the actual saturation of the austenitic lattice [Ilschner, 

Singer, 2010]. The calculated values for the carbon content have to be checked by means of a 

GDOES analysis. 

In order to be able to measure the magnetization, the samples were examined using 

Feritscope® to determine the equivalent ferrite content in vol.-%. It could be observed that not 

all samples show magnetization after treatment (Table 4). The samples 2 and 3 show no 

magnetic effects over the complete treatment. The magnetic effect of alloys 8, 4 and 5 increases 

more strongly in the listed order. 

 

Table 4: Equivalent ferrite content 

In order to visualize the magnetic effects in the layer, MFM measurements were carried out on 

the cross-cut and on the polished layer (Figure 4). As an example the alloy 5 shows that only 

the outer half of the layer has magnetic effects and that these are domain-like in structure.  

 

Figure 4: MFM-measuring of a) cross-cut 5-3 b) cross-cut 5-6 the outer half of the layer has magnetic 

effects and that these are domain-like in structure.  

In order to be able to reproduce these magnetic layer areas on the light microscope, experiments 

were carried out with Ferrofluid (Figure 5). A good match of the layer thickness determined 

by MFM and Ferrofluid was found. The deposited layer thickness can thus serve as a good 

approximation, although it is subjected to some variations such as rinsing effects. This 

correlation is also evident in all other samples that show magnetic effects.  

sample-no. 1x [at.-%] dev. ± [at-%]

2 7.9 0.8

3 14.7 0.1

4 19.5 0.2

5 19.4 0.1

8 16.6 0.3

sample-no. Ref 1x 2x 3x 4x 5x 6x

2 0.0 0.0 0.0 0.0 - - -

3 0.0 0.0 0.0 0.0 0.0 0.0 0.0

4 0.0 1.5 5.3 11.2 16.5 19.0 22.7

5 0.0 3.4 11.8 19.7 25.0 26.4 28.2

8 0.0 1.1 4.5 9.0 13.0 14.1 14.8

Equivalent ferrite content [vol.-%]

b 
b 

layer layer 
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Figure 5: Treated cross-cuts with Beraha II etching and deposited Ferrofluid layer in magnetic areas 

With reference samples, or samples without magnetic effects, no Ferrofluid remains on the 

cross-cuts. In addition, MFM and Ferrofluid measurements were carried out on the polished 

layer surface in order to compare the results of the MFM measurement with the Ferrofluid 

examination (Figure 6).  

 

Figure 6: Comparison of layer plan view 5-3 a) AFM-measuring (topography) b) MFM-measuring 

with magnetic domains c) magnetic domains visualized with Ferrofluid 

In order to exclude topographic effects that could influence the deposition during the Ferrofluid 

analysis, a measurement with an Atomic Force Microscope (AFM) was also carried out. The 

AFM measurement shows that the topography of the sample does not permit any correlation 

with the formed Ferrofluid pattern. After the rinsing process, a pronounced domain structure 

remains due to deposited Ferrofluid particles, which corresponds very well with the MFM 

measurement. With both examination methods, a correlation between magnetic alignment and 

grain orientation can be seen in the surface analysis. 

Due to the very sensitive SQUID measurement, a very slight magnetizability could even be 

determined for the reference sample. However, this is significantly lower than the multiple 

treated samples. All treated samples have soft magnetic properties and form a hysteresis curve 

(Figure 7a).  

8 µm 18 µm 23 µm 27 µm 

b c a 



 

 

Figure 7: Magnetizability sample 5 a) Hysteresis curves b) Magnetizability based on the actual 

magnetic layer volume 

The hysteresis curves presented in Figure 7 give the impression that the 5x and 6x treated 

samples are less magnetizable than the sample 5-4, but the real magnetic layer volume was not 

taken into account. In order to make a statement about the true magnetizability, the real 

ferromagnetic layer volume has to be determined. For this purpose, a layer thickness 

measurement via MFM or Ferrofluid must be carried out beforehand to calculate the real 

magnetic layer volume. A direct comparison of magnetizability/cm³ (M) above the magnetic 

field (H) shows that the magnetization could be increased with increasing treatment. Figure 7b 

shows in tabular form the magnetic susceptibility, called chi, which considers the grade of the 

real function (dM/dH) at the point H=0. Chi is dimensionless and also serves as a characteristic 

value for the increasing magnetizability. Figure 7b shows that magnetizability increases with 

each treatment cycle. 

4 Discussion 

An increase in layer structure could be detected with every treatment cycle by means of light 

microscope and hardness profiles. The increase in layer thickness from 3 treatment cycles 

onwards can only be described as low and has no influence on the maximum hardness. This is 

due to the fact that the outermost boundary layer (few µm) is almost saturated after one 

treatment and the diffusion velocity is slowed down by the increasing lattice strain.  

For direct comparison of equivalent ferrite content and lattice parameters (Figure 8) it is 

noticeable that the sample 2 and 3 have a little less lattice expansion without any magnetic 

effect and does not exceed a lattice parameter of 0.38 nm. This allows the assumption that a 

critical lattice expansion/carbon absorption is necessary for the development of 

magnetizability. This can also be seen from the results of the MFM and Ferrofluid 

investigations, which show that only about half of the formed layer is magnetizable. A similar 

correlation could also be found at a low temperature nitration of 1.4401 (AISI316) [Basso, 

Pimentel, Weber, et al., 2009].  

a b 



 

 

 

Figure 8: Equivalent ferrite content and lattice expansion 

Due to the Figure 9 shows that the minimum carbon solubility, required for the formation of 

ferromagnetic effects for sample 8-3 and 5-3 is in the range of 9.5 at.-% and 12.5 at.-%. For 

this purpose, the sample 2-3, 5-3 and 8-3 were subjected to a Glow Discharge Optical Emission 

Spectroscopy (GDOES) in order to be able to make a quantitative statement about the carbon 

absorption. The results of the GDOES analysis of the sample 3-3 are not yet available at the 

time of writing. Sample 2-3 also shows no magnetic effects over the entire treatment and has 

a similar lattice expansion (C content calculated from lattice parameters of 11.3 at.-%). The 

significantly lower lattice parameter due to the less carbon dissolution of the samples without 

magnetic effects could thus be demonstrated by XRD and GDOES analyses. The real magnetic 

layer thickness was determined by MFM. For the sample 8-3, a layer thickness of 15 µm was 

measured by means of Ferrofluid, resulting in a minimum required lattice expansion of approx. 

0,38 nm. The critical lattice parameter in similar investigations with the alloy 1.4401 (AISI316) 

and a low temperature nitration show a ferromagnetic effect in the range of approx. 0,375 nm 

caused by minimal nitrogen content of around 14 at.-%. The formation of ferromagnetic effects 

due to low temperature carburation has not yet been observed and is explained by the low 

solubility of carbon and the associated low possible lattice expansion. [Brink, Ståhl, 

Christiansen, et al., 2016], [Basso, Pimentel, Weber, et al., 2009].  
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Figure 9: Hardness profile and c-content vs. distance surface 

The SQUID measurements show that the magnetizability increases with each treatment. In 

order to compare the magnetizability of the reference sample and the sample with six treatment 

cycles, the magnetic susceptibility of the samples 5-6 can be divided by the magnetic 

susceptibility of the sample 5-Ref (cf. Figure 7b). As a result sample 5-6 can be magnetized by 

a factor of 2900 stronger than the reference sample at low magnetic fields. Furthermore, the 

scope of the investigated samples indicates that the formation of ferromagnetic effects is related 

to the alloying elements. The Schäffler-Diagramm (Figure 10) provides a first clue. 

 

Figure 10: Materials with existing magnetizability after low temperature carburization classified in the 

Schäffler Diagramm 

It is shown that the less high-alloyed, partly metastable austenites do not form any 

magnetizability, whereas the high-alloyed austenitic stainless steels, especially the super 

austenitic steels have a distinct magnetic effect after low temperature carburization. Against 

the backround, it can be postulated that the interstitial solubility of carbon in the austenitic 

lattice leads to a stronger lattice deformation with increasing alloy content. Whether the alloy 

also influences the critical carbon dissolution at which this effect occurs will be checked by 

subsequent investigations. Furthermore, the other alloying elements of an alloy that are not 

ferromagnetic 

Critical C-content sample 5-3: 2.5 wt.-% equals 12.5 at.-% 

         sample 8-3: 1.9 wt.-% equals 9.5 at.-% 



 

 

taken into account in the Schäffler-Diagram can have an additional influence on the change of 

the lattice parameters.  

By using MFM and Ferrofluid, it was possible to detect a preferred domain 

formation/magnetization direction depending on the grain orientation, which is consistent with 

the literature [Pepperhoff, Acet, 2000]. 

5 Conclusion 

By means of metallurgical preparation and hardness profiles measurements it was possible to 

detect the formation of an expanded austenite zone on all alloys and every further treatment 

cycle. The maximum hardness could not be increased by multiple treatments. Not all austenitic 

stainless steels have a tendency to develop magnetic effects after low temperature 

carburization, in spite of the proven formation of expanded austenite. The increase in 

magnetizability from an untreated to a multi-treated sample in small magnetic fields can be 

increased by a factor of 2900. The lower-alloyed stainless steels show no formation of 

magnetic effects, whereby in these materials the lattice expansion is lower. The previously 

valid assumption that austenitic steels due to their limited carbon absorption do not achieve the 

necessary lattice expansion to produce magnetic effects could be refuted. The necessary lattice 

expansion for the appearance of a noticeable magnetizability seems to be around 0,38 nm. On 

the basis of the Schäffler-Diagram (chromium and nickel equivalent), an influence of the 

alloying elements could be determined. In addition, MFM and Ferrofluid investigations 

revealed a dependence of the magnetic field alignment on grain orientation. The use of 

Ferrofluid for the determination of the magnetic areas has proven its worth and was able to 

provide comparable results to MFM measurements. Whether the pure lattice tension is 

responsible for the formation of the magnetic effect, or whether it is additionally influenced by 

micro-precipitations, has to be clarified by further investigations.  
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