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Abstract 
   The strain induced martensitic transformation in austempered ductile iron (ADI) has been 

investigated using high resolution neutron diffraction on samples compressed ex-situ to 

different plastic strains. In addition bulk texture measurements using neutron diffraction have 

been performed to calculate the orientation distribution of ferrite and austenite phases for 

different strain levels. Combing the detailed texture information with neutron diffraction 

pattern proved to be essential for quantitative phase analysis and extraction of martensite phase 

fractions. The martensite content induced by strain in ADI depends on austempering 

temperature and degree of deformation. 

 

 

1.  Introduction 

Austempered ductile iron (ADI) is a nodular ductile iron which has undergone a special heat 

treatment to enhance mechanical properties to a great extent. The heat treatment process of ADI 

consists of austenitization followed by quenching to a temperature typically between 250°C and 450°C 

and isothermal austempering [1]. After such a heat treatment the microstructure of ADI consists of 

acicular ferrite (α) and high carbon enriched retained austenite (γ). The microstructure strongly 

depends on the austenitization and austempering temperatures. Details on dependence of 

microstructure and temperature can be found in [1-6]. In industrial applications alloying elements such 

as Ni, Mo or Cu are used in order to delay the phase transition kinetics, which improves the 

austemperability of heavy sections.  

    The high carbon enriched austenite is metastable and several reports exist indicating a trans- 

formation induced plasticity effect (TRIP) when ADI is subjected to deformation [7-9]. During the 

plastic deformation the high carbon enriched retained austenite can transform to martensite. 

Austenitization temperature (Tγ), austempering temperature (TAus), austempering time and alloying 
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composition can influence the retained austenite fraction, its grain size and stability [3, 4], which in 

turn will affect the possible martensitic transformation.  

The relationship between heat treatment parameters and phase fractions in ADI has been 

extensively studied by Meier et al. using in-situ neutron powder diffraction on non-textured samples 

[1]. On the other hand in case of the deformation induced martensitic transformation in ADI 

quantitative phase analysis is hindered due to texture formation and standard Rietveld analysis fails to 

produce reliable results. However, the incorporation of texture information into Rietveld refinements 

to extract quantitative phase information has been already successfully applied in various studies [e.g. 

10-12].   

A similar approach is therefore used in the current work where the influence of different treatments 

and composition parameters on the martensitic transformation has been studied using high resolution 

neutron powder diffraction and texture measurements on samples after compression to different plastic 

strains. The results from these experiments allow us to relate the martensitic transformation kinetics in 

ADI with austempering temperature and plastic strains. 

2. Experimental 

   Cylindrical ADI samples which contain 3.6wt% C, 2.8wt%Si and 0.2wt%Mn with dimension of Ø 

6mm × 10 mm were prepared using different heat treatment parameters which yield microstructures as 

shown in table 1 (it should be noted that here the volume fractions relate only to the metallic matrix 

since the change in nodular graphite fraction during austempering is negligible [1]). Tγ and TAus where 

selected according to results published elsewhere [13]. The heat treated ADI samples were compressed 

to different strain levels ranging from 0% up to 40% with a 10% increment in strain. High resolution 

neutron powder diffraction data were taken from these samples using the diffractometer SPODI at 

MLZ [14] within a 2θ range = 10~152° and step width of Δ2θ = 0.05°. The wavelength was set to 

1.5483Å using a Ge (551) monochromator. 

 

 

 

 

       

Table 1. ADI heat treatment conditions and resulting phase fractions after heat treatment 

Austenitization Tγ [°C] Austempering TAus [°C] Austenite [vol%] Ferrite [vol%] 

900    400    350    300 40     34     24 60     66     76 

 

   Complete pole figures of ferrite (110) and (200), austenite (111) and (200) of the ADI samples were 

measured at the materials science diffactometer STRESS-SPEC [15] with a wavelength of 1.68Å 

using a Ge (311) monochromator. In the measurements the loading direction (LD) of the samples was 

perpendicularly to the incoming beam direction (figure 1). The orientation distribution functions of 

crystallites (ODFs) and then the inverse pole figures were calculated from the measured complete pole 

figures using the harmonic method [16]. For quantitative phase analysis the program MAUD [11, 12] 

was used in which texture information via the ODF and Rietveld refinement methods can be 

combined.  

  

Figure 1. Definition of the sample coordinate system 

for the pole figures. LD: loading direction; ND: 

normal direction; TD: transverse direction 

 

LD 
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3. Results and discussion 

3.1 Texture formation in ADI during plastic deformation 

   Figure 2a shows high resolution diffraction data on a set of samples which were prepared with the 

heat treatment parameters Tγ = 900°C/ TAus = 350°C and then compressed to strain levels of 0%, 20% 

and 40%, respectively. In case of the unstrained sample the extracted lattice parameters were a = 

2.8638(4) Å for ferrite and a = 3.6325(7) Å for austenite. During plastic deformation the carbon 

enriched retained austenite partly transforms to martensite (at 40% strain: a = 2.880 (2) Å and c = 

2.957 (4) Å, c/a-ration = 1.03). The strain induced martensitic transformation is indicated in the 

diffraction data by a decrease of the austenite peak intensity and an increase of the ferrite peak 

intensity. The increase in ferrite peak intensity is a consequence of close proximity of ferrite and 

martensite Bragg reflections, which cannot be separated. Martensite reflections can also be identified 

as shoulders close to the ferrite peak positions (figure 2b).  Extensive peak broadening and overlap of 

austenite (111), ferrite (110) and martensite (101), (110) reflections make a direct extraction of 

individual martensite peak intensities difficult using ordinary peak fitting methods.  

    

   Figures 3 and 4 show the texture evolution of ADI samples (Tγ = 900°C / TAus = 350°C) with 

increasing strain. The inverse pole figures have been calculated from measured austenite (111), (200) 

and ferrite (110), (200) pole figures. The results indicate a weak fibre texture for all samples. Here the 

typical compression component for austenite [110] (fcc) and ferrite [111] (bcc) can be readily 

identified [17]. Comparing the ODFs in figure 4 to the standard ODF of bcc and fcc materials [18], the 

texture formation of austenite and ferrite in ADI during the compressive deformation will be identified 

as follows. The strongest components of austenite phase in the compressed sample are α-fiber // LD 

spread from (001) [11̅0] to (110) [11̅0] plus (111) [01̅1] and (001) [ 1̅1̅0]. In ferrite the compressive 

deformation leads to the formation of a texture characterized by two distinct components: (110) [11̅2] 

Brass and (112) [111̅] Copper. 

 

 

 

A F    A                F         A        F      A    A    F                    

F      Martensite 

    (101)  (110) 

Austenite  

(111) 

Ferrite  

(110) 

Figure 2a and b. Neutron diffraction pattern of ADI samples, austempered at 350°C and 

deformed to different strain levels. An enlarged view of the diffraction pattern between 2θ= 42° 

~ 47° is shown on the right side. Austenite and ferrite reflections are marked with A and F. 

 

a) b) 
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   Comparison of the main texture components - austenite [110] (fcc) and ferrite [111] (bcc) - of all the 

differently treated samples (table 1) shows that the texture formation depends only on plastic strains 

and not on heat treatment conditions. The texture evolution, illustrated by the changes in multiples of 

random distribution (m.r.d) in the inverse pole figures of the austenite [110] and ferrite [111] 

directions, which are parallel to the main deformation direction during plastic deformation is shown in 

figure 5. There is a strong increase in texture during compressive deformation until 20% strain. After 

reaching 20% strain there is almost no increase with further plastic deformation. This might be 

attributed to limited activation of dislocation glide systems in fcc and bcc metals at room temperature. 

On the other hand the average particle size of austenite and ferrite grains in ADI is in the order of 50 

nm [1], nano-crystal sized grain rotation and grain boundary sliding [19] probably take place instead 

of dislocation gliding during the plastic deformation.   

Figure 3. Inverse pole figures of austenite and ferrite phases in ADI 

(austempered at 350°C) for different strain levels up to 40%.  
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Figure 4. ODFs of austenite and ferrite phases in ADI (austempered at 350°C) for different 

strain levels up to 40%. 

Figure 5.  Texture evolution of ADI samples austempered at 300°C, 350°C and 400°C parallel to 

the main deformation direction during plastic deformation. 
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3.2 Combining texture and diffraction data for phase analysis    

   Closer inspection of the inverse pole figures of ferrite reveals additional weak components in [221] 

and [421] directions (marked in figure 3). These components are usually not found in bcc metals (table 

2, [18]). Due to the strong overlap of martensite and ferrite reflection positions, intensities for the pole 

figures cannot be extracted separately and thus these additional components arise most likely from the 

martensitic phase.     

   Furthermore this makes it difficult to use the texture results directly when using the ODFs calculated 

from the (110) and (200) pole figures of ferrite as input in the Rietveld analysis with MAUD. A way 

around this is to use a single reflection pole figure for the ODF calculation. This is an admissible 

approach because of the high symmetry of bcc crystal structure of ferrite. In addition, originating from 

the compression deformation martensite as well as ferrite have a distinct orientation relation with the 

austenite phase. This has been found in most iron based alloys [20-23]. Here the bcc ferrite, bct 

martensite and fcc austenite are often observed to have a Kurdjumov-Sachs (K-S) and Nishiyama-

Wassermann (N-W) orientation relationship. The K-S relation is defined as (111)γ // (110)α, [11̅0]γ // 

[11̅1]α, while the N-W relation as (111)γ // (110)α, [1̅01]γ // [001]α.  

   In our case using the (200) pole figure alone yields an ODF and recalculated inverse pole figure in 

accordance with the standard texture orientations of bcc metals (Table 2). As an example figure 6 

shows the corresponding ODF and recalculated inverse pole figure for a sample (Tγ = 900°C/ TAus = 

350°C) compressed to 40% strain. 

 

Table 2. Texture orientation // RD or LD in bcc and fcc metals after different plastic deformation [17]. 

Cystal structure tension compression rolling 

bcc [110] [111] and [100] Mainly from     (001)[ �̅� 10] to 

(111)[�̅�10] 

Weak component spread from 

(112)[�̅�10] to (111)[�̅�11] 

fcc [111]  

[100] 

Strong component around [110], 

spread from [110] to [113], plus a 

weak component [100] 

Copper-type (123)[𝟒𝟏̅̅̅̅ 2]+(146)[𝟐𝟏̅̅̅̅ 1] 

Silver-type (110)[�̅�12] 

 

 

 

 

Figure 6. ODF calculated from single component ferrite (200) pole figure of an ADI sample 

austempered at 350°C and compressed to strain level 40% (left). Corresponding recalculated inverse 

pole figure (right). Note the absence of the components for the [421] and [221] directions. 
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3.3 Strain induced martensite transformation 

   Figure 7 and 8 show the martensite phase fractions in deformed ADI extracted using the recalculated 

ODFs as input in the Rietveld refinements of the lattice constants, peak shape parameters and phase 

contents. The strain induced martensite transformation in ADI during plastic deformation is not 

proportional to the retained austenite content at the beginning of plastic deformation. For the sample 

treated with TAus = 400°C and also similar TAus = 350°C a linear dependence of the martensite phase 

content with strain is found. Thus at each strain level the same amount of martensite is formed 

regardless of the initial retained austenite content. However, at around 20% plastic strain the increase 

in martensite phase fraction deviates from a linear behavior in the sample with the lowest 

austempering temperature TAus = 300°C leveling out to about 20% martensite at 40% plastic strain. At 

this point about 80% of the retained austenite is transformed to marteniste in this sample. To visualize 

this effect in figure 8 the martensite phase fractions are normalized to the initial retained austenite 

content from table 1. This shows clearer the dependence on heat treatment parameters, with the 

highest amount of transformation for the lowest austempering temperature (figure 8). Figure 8 shows 

that at 40% compressive deformation a total amount of 65% to 80% retained austenite transformed 

into martensite. Due to sample breakage higher strain levels cannot be achieved using compression 

and further experiments allowing a higher  degree of deformation, for instance cold rolling, are needed 

to clarify whether the trend seen in the sample austempered at TAus=300°C becomes apparent in 

samples heat treated at higher temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

4. Conclusion 

   Combining texture information and Rietveld refinements of neutron powder diffraction patterns 

allows extracting quantitatively phase fractions in ADI. In case of severe overlap of Bragg reflections 

between marteniste and ferrite in ADI it could be shown that an approach to derive the orientation 

distribution function for the ferrite phase from just one complete pole figure leads to a more accurate 

input into the refinement procedure for phase analysis. The results of the quantitative analysis of the 

martensite phase fractions as a function of deformation shows a dependence of transformation rates 

with heat treatment parameters with up to 80% of the retained austenite being transformed to 

martensite for samples heat treated at TAus = 300°C.  

 

Figure 7. Martensite phase fraction in ADI 

(austempered at 300°C, 350°C and 400°C) 

after compressive deformation vs. plastic 

strain. 

 

Figure 8. Normalized martensitic phase 

fraction fM in ADI after compressive 

deformation vs. plastic strain. 
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