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Abstract.  The effect of ferrite to austenite transformation phenomenon on microstructure and annealing 
performance of AISI 430 (EN 1.4016) ferritic stainless steel 16%Cr-0.04%C and 17%Cr-0.02%C was 
studied by electron backscatter diffraction and X-ray diffraction.  Hot-rolled and annealed specimens of 
each ferritic stainless steel were collected from manufacturing route, where different states were analysed.  
Chemical composition shift of AISI 430 is correlated to microstructural behaviour of each material, while 
annealing temperature impact over grain growth phenomena is discussed. 

1.  Introduction 
AISI 430 ferritic stainless steel is becoming highly demanded on cold-forming processes [1], such as 
household appliances and, in some applications, as a replacement of austenitic stainless steel [2].  
Compered to austenitic stainless steel, which provides an outstanding metallurgical property, the 
absence or low content of nickel in AISI 430 results in an attractive economic solution for many 
applications.  Therefore, the aim of metallurgical manufacturers involves the enhancement of surface 
quality and appearance of ferritic stainless steel finishing [3].  Surface defects related to AISI 430 ferritic 
stainless steel, are caused in many occasions by their structural complexity.  This feature structure is 
related to the ferrite/austenite transformation that takes place within the ferritic matrix of this stainless 
steel, mostly, during hot rolling [4].  The critical temperature at which phase transformation takes place 
is described as Ac1, and depends on many factors, such as alloy chemical composition and annealing 
rate. 

For that reason, annealing is a crucial production step.  During this process, stainless steel is exposed 
to high temperatures below Ac1 long enough for the whole austenite to ferrite + carbides transformation 
to take place.  If this process is performed badly, ferritic matrix would retain austenite.  Consequently, 
the remaining austenitic phase will turn into martensite when the steel reaches a certain temperature 
during cooling where martensitic phase starts to nucleate, also known as Ms temperature.  During 
annealing, AISI 430 theoretically recover its ferritic mono-phase before ending this heat treatment.  
Moreover, after being the austenite completely transformed into ferrite, annealing process must ensure 
the re-crystallisation of the ferritic structure and, therefore, recuperate its mechanical property according 
to its composition. 
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Overall, this research attempt to measure the remaining martensite as a clear indicator of the previous 
phase transformation by using AZTEC RECLASSIFY PHASE from electron backscatter diffraction (EBSD) 
and X-ray diffraction (XRD).  At the same time, the microstructure of these materials is characterised 
during hot rolling and annealing.  The study has been carried out forward comparative analysis of two 
sorts of AISI 430 ferritic stainless steel.  One of these materials represents AISI 430 standard 
composition whereas compositional and manufacturing changes are assumed in the other. 

2.  Materials and experimental procedures 
This work used two AISI 430 ferritic stainless steel compositions, whose samples were collected from 
hot rolling, annealing and pickling and bright annealing.  Specifications of each specimen are listed in 
the Table 1, where stainless steel composition was analysed by X-ray fluorescence (XRF). 
 
Table 1.  Composition and characteristic of the samples collected from manufacturing process of flat 
stainless steel product.  EqCr was calculated by the Schaefler equation [5] (EqCr = %Cr + %Mo + 1.5ꞏ%Si 
+ 0.5ꞏ%Nb + 2ꞏ%Ti). 
 

AISI 430 Composition, % EqCr
Measurement point 
(manufacturing) 

Specimen thickness, mm 

1A 
16Cr 0.3Si 0.4Mn 
0.045C 0.040N2 

11.3 
Hot rolling 26 
Annealing and pickling  4 
Bright annealing     0.7 

2A 
17Cr 0.4Si 0.3Mn 
0.020C 0.033N2 

13.2 
Hot rolling 26 
Annealing and pickling     3.5 
Bright annealing     0.4 

 
 

AISI 430 composition has slightly changed from 1A to 2A, where chromium, carbon and nitrogen 
shifts have a great impact on the ferrite - austenite transformation phenomenon, as shown in Fig 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  a)        b) 

Figure 1.  Molar fraction of phase transformation in equilibrium of AISI 430; a) material 1A, and 
b) material 2A, by THERMOCALC (TCW5) [6]. 
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Moreover, Fig. 1 shows M23C6 precipitation, which is formed in the course of α → γ + (Fe, Cr)23C6 
transformation during cooling.  The more austenite nucleates before Ac1, the more carbides precipitate 
due to the carbon solubility decrease from austenite to ferrite phase.  The precipitation of this carbide 
occurs in α-α grain boundary and grow into α ferrite [7].  Grain coarsening, sensitization from grain 
boundaries carbides precipitation and martensite formation from the remaining austenite within the 
ferritic matrix, are the main causes of failure and surface defects among AISI 430 stainless steel [8]. 

The experimental setup of this research is based on the analysis of the samples listed above (Table 1) 
by XRD and EBSD.  X-ray diffraction (XRD) measurement of each sample kept the rolling direction, 
where the surface of each specimen was analysed.  However, hot-rolled samples were polished with 
colloidal silica in order to remove roughness from the area of analysis.  The 2θ scanning range, step size 
and count time were 40 - 130°, 0.03º and 2 sec/step, respectively, and Co-Kα radiation (1.79 Ǻ) was 
used in a Bruker D2Phaser device. 

The sample preparation for characterisation by electron backscatter diffraction (EBSD) was carried 
out with cloth disc and diamond paste auto-polished and a final polishing of colloidal silica suspension.  
Rolling direction were kept for all the analysis.  The EBSD results were acquired by Zeiss Ultra 55 
FEG-SEM.  Working conditions for the EBSD analysis were: 20 kV voltage and 16.5 mm working 
distance. 

3.  Results and discussion 
 
3.1.  X-ray diffraction 
The phases and their crystalline structures of 1A and 2A ferritic stainless steel were analysed by XRD 
analysis (Fig. 2).  Two manufacturing states were studied, where hot-rolled 1A and 2A correspond to 
the samples recollected during hot rolling at 1,033 and 920 °C, respectively; besides, annealed 2A 
specimen was taken after hot rolling and annealing. 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 2.  XRD patterns for hot-rolled 1A 
and 2A ferritic stainless steel. 
 

 
Results were obtained by Bruker TOPAS based on Rietveld analysis [9].  Diffraction peaks of α 

(011), (002), (211) and (022) correspond to a ferritic phase.  The XRD profile of a hot-rolled 1A shows 
a ferritic structure, though, a low intensity γ (111) peak is detected near α (011) peak.  Besides, 7 % of 
remaining austenite was measured within the ferritic structure by TOPAS.  However, no martensitic 
could be detected since this phase cannot be distinguished from ferrite via diffraction analysis [10]. 

Hot-rolled 2A shows an XRD pattern which is in good agreement with ferritic structure.  In this case, 
no visible diffraction for γ (111) peak was detected by TOPAS.  The higher ferritic structure of hot-
rolled 2A led to increase α (011) peak intensity. 
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Generally, austenite turns into martensite after quenching when reached Ms temperature.  
In accordance with Sung et al. [7], Ms decreases with increasing CrEq and N2 content in the material 
composition.  Therefore, a non-transformed austenite can be retained within ferrite after fast cooling.  
This is caused by an exchange of carbon by nitrogen, which promotes atomic ordering of chromium 
atoms and stabilizes the austenite [10]. 

This effect of N2 and CrEq on Ms temperature of both specimens, was established using empirical 
equation for Ms determination.  The γ → α′ transformation by cooling is influenced by numerous 
factors, such as stainless steel composition, grain size, structural defects, etc.  Among these, numerous 
authors [11] considered the stainless steel composition to be the most important. 

Eichelman and Hull [9] have developed an empirical equation to calculate Ms temperature.  Ms was 
acquired for both studied materials: Ms(1A): 466 °C; Ms(2A): 487 °C.  These results are in good agreement 
with the previously established around the effect of ferritic stainless steel composition on retention of 
non-transformed austenite. 

Figure 3 shows wide-angle XRD pattern of hot-rolled and annealed 2A ferritic stainless steel series.  
Annealed 2A diffraction α peaks intensity increased as a result of increasing the ferritic phase of 2A 
from hot-rolled state to annealed.  This points out that the complete transformation of austenite took 
place during annealing process, and mono-phase ferritic phase was reached after this heat treatment. 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 3.  XRD patterns for 2A ferritic 
stainless steel during hot rolling and after 
annealing. 

 
 
3.2.  Electron backscatter diffraction (EBSD) 
Hot rolling involves not only plastic deformation, but also re-crystallisation happens during this stage, 
as well as the nucleation of austenite takes place, as it was provided by THERMOCALC in Fig. 1.  During 
the entire hot rolling, both ferritic stainless steels, are in the ferrite - austenite transformation region.  
From the hot rolling input temperature (TinHR) to the highest austenite transformation temperature 
(Tγmax), austenite grows around ferrite grain boundaries, increasing dislocation density, which can 
prevent ferrite grains from growing [12].  After reaching Tγmax, the reaction is reversed to α → γ + M23C6 
and, therefore, the mechanism around grains growth behaves differently, as will be exposed below. 

Figure 4a shows EBSD band contrast (BC) , coincidence site lattice (CSL) and grain boundaries 
(GB) map of 1A after 87 % of hot rolling reduction at 1,033 °C, where the average aspect ratio is 2.15.  
CSL and GB allowed identifying sub-nucleation phenomenon of ferrite grains as a result of hot rolling 
deformation along the normal direction (ND), and re-crystallisation of non-transformed ferrite due to 
the high temperature of this process.  Moreover, BC was also part of this map because it provides a 
significant contrast difference between ferrite and martensite based on the variation of dislocations and 
local stress showed by both phases.  Equiaxial grains can be observed, while some of them are elongated.   
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In this specimen, austenite nucleated along the ferrite-ferrite boundaries, which promote the formation 
of a thin layer of austenite on either side of these boundaries [13].  After quenching, martensite preserved 
this ordering. EBSD results provided that 70.4 % of the structure was re-crystallised at this point of hot 
rolling. 
 
 

 

Figure 4.  a) Band contrast, grain boundaries and coincidence site lattice (BC+GB+CSL) map; and 
c) inverse polar figure (IPF) maps of hot-rolled 1A.  b) BC+GB+CSL, and d) IPF maps of annealed 1A. 
 
 

Figure 4b provides annealed 1A BC+CSL+GB map after 98 % of total thickness reduction and initial 
annealing temperature of 843 °C.  It can be observed that coarse grains are mostly elongated along the 
rolling direction, with an average aspect ratio of 3.27.  Furthermore, fine grains are located at coursed 
grain boundaries; therefore, a wide grain size distribution is reached by 1A.  The remained austenite 
from the previous hot rolling process has completely turned into ferrite and carbides during annealing.  
Moreover, according to EBSD results, 88.8 % of the structure was recovered after this stage. 

Material 2A showed a higher ferritic behaviour during hot rolling than 1A.  This performance was a 
consequence of a change in chemical composition of this alloy, which was based on a higher chromium 
and lower carbon content, see Fig. 1, leading to a higher CrEq of 13.2, compared to 1A specimen.  
Moreover, as it is shown in Fig. 1, this change in alloy composition led the ferrite - austenite 
transformation of 2A to be lower than 1A under hot rolling conditions. 

The BC+CSL+GB map, displayed in Fig. 5a, shows the 2A structure after 87.1 % reduction at 
920 °C.  This specimen consisted in both equiaxial and elongated grains, where the average aspect ratio 
is 2.43.  On the other hand, martensite formed within the ferrite structure is thinner and lower in 2A than 
in the previous hot-rolled 1A sample.  These martensite chains were not formed along RD direction 
since during hot rolling the force is made in the ND plane and some turbulence may occur in the  
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nucleation of austenite.  Therefore, austenite transformation depends not only on the plastic deformation 
direction during hot rolling, but also on the grain size distribution of the material.  In accordance with 
EBSD analysis, the structure is 80.3 % re-crystallised in this point.  This leads to consider that austenitic 
transformation is the driving force of the re-crystallisation performance of ferritic stainless steel during 
hot rolling. 
 
 

Figure 5.  a) Band contrast, grain boundaries and coincidence site lattice (BC+GB+CSL) map; and 
c) inverse polar figure (IPF) maps of hot-rolled 1A.  b) BC+GB+CSL and d) IPF maps of annealed 1A. 
 
 

Figure 5b shows 2A annealed structure after 98.3 % of total thickness reduction and initial annealing 
temperature of 826 °C.  Coursed grains are highly elongated and showed local stress, see Fig. 5d, which 
suggests that two considerations must be taken into account.  Firstly, in 2A, austenite was rapidly 
dissolved sufficiently before reaching annealing process.  This was due to the amount of austenite 
transformed during hot rolling was low enough to be completely transformed into ferrite in this stage.  
Secondly, since the entire annealing energy was invested in the re-crystallisation of mono-phase ferritic 
structure of 2A, there was an excess of annealing time resulting in excessive ferrite grain growth.  This 
phenomenon during annealing is a common behaviour of ferritic stainless steel type AISI 441 stabilised 
with Nb and Ti additions to the alloy [14], which prevents the ferrite - austenite transformation at high 
temperatures, and, therefore, a complete ferritic behaviour is promoted. 

EBSD showed that only 3.7 % of the structure was re-crystallised, whereas 56.1 % corresponded to 
substructure as a result of sub-grains nucleation within coarse ferrite grains, with an average aspect ratio 
of 2.42. 
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RD 

ND 

It is crucial to measure the amount of martensite retained within the ferrite matrix after quenching.  
This martensite corresponds to the previous austenite transformed at certain temperature during hot 
rolling.  However, martensite and ferrite cannot be discriminated by EBSD so far since their crystal 
structure are fundamentally equal [15, 16]. 

For this purpose, a dedicated software (AZTEC RECLASSIFY PHASE [12]) was used in order to 
quantify that martensite considering EBSP pattern quality parameters.  Martensite shows a distorted 
crystal lattice due to a higher density of crystalline defects, which makes the martensite get a poorer 
quality, as shown in Fig. 6b, than ferrite phase, shown in Fig. 6a. 
 
 

 

Figure 6.  EBSD Kikuchi patterns of a) ferrite and b) martensite obtanined by AZtec Oxford 
Instruments. 
 
 

This special feature can be identified by “Band Contrast” (BC) and “Band Slope” (BS) EBSP quality 
parameters [15], and this is used by the software to identify the martensite areas.  Furthermore, these 
results were checked by non-quantitative conventional light-optical microscopy. 

Figure 7 shows BS maps of both AISI 430 studied in this paper during hot rolling, where the 
martensite (marked in red) is analysed based on its lower pattern quality represented by the darkest 
areas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   a)            b) 

Figure 7.  Band slope maps of hot-rolled a) material 1A, and b) material 2A, with martensite reclassified 
by AZTEC RECLASSIFY PHASE (red areas). 
 
 
 
  

a) b) 
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Table 2 lists the remained martensite, quantified by AZTEC RECLASSIFY PHASE, and total 
deformation of both materials during hot rolling and after annealing, measured by “Recrystallised 
Fraction” (DefRex) component in Channel 5 HKL.  Annealed state of the specimens does not exhibit 
any retained martensite in the ferrite matrix. 
 
 
Table 2.  Martensite quantified by AZTEC RECLASSIFY PHASE, and deformed fraction of both hot-rolled 
(HR) and annealed (A) 1A and 2A specimens from EBSD analysis. 
 

ID State Martensite, % Deformation, % 

1A 
HR 30.8 25.4 
A   0.0   6.2 

2A 
HR 16.4 15.3 
A   0.0 40.1 

 
 
3.3.  Effect of AISI 430 composition and temperature on microstructure 
According to Liu et al. [13], the heterogeneous grain-size distribution of both studied materials, during 
hot rolling and after annealing process, is a consequence of the austenite-ferrite transformation 
mechanism.  A two-stage transformation takes place when the temperature is dropping during hot rolling 
and the austenite maximum temperature is reached.  Therefore, the transformation is inverse from γ to α.  
The first stage is an interface-controlled reaction, characterised for a fast austenite transformation, which 
results in large ferrite grains; whereas the second stage leads to small ferrite grains due to slow 
diffusion-controlled transformation of the austenite [17]. 

Figure 8a displayed average grain size of both studied materials, where 2A achieved courser average 
grain size than 1A after the first-stage of hot rolling.  Consequently, the austenite transformation in 2A 
is delayed and slowed down as a result of coarse initial grains and, therefore, the heating rate has a high 
impact on the phase transformation [18]. 
 
 
 
 
 
 
 
 
 
 
 
       a)           b) 

Figure 8.  a) Average grain size of 1A and 2A during hot rolling and after annealing (EBSD 
BC+CSL+GB map).  b) Re-crystallisation of 1A and 2A during hot rolling and after annealing (EBSD 
BC+DefRex). 
 
 

Thickness reduction of 2A during the first-stage of hot rolling was essentially the same as 1A, unlike 
hot rolling temperature, which was kept lower in 2A.  Despite this lower hot rolling temperature, it is  
 
  



EMAS 2019

IOP Conf. Series: Materials Science and Engineering 891 (2020) 012007

IOP Publishing

doi:10.1088/1757-899X/891/1/012007

9

Edge Middle 

0

1

2

3

4

5

0

5

10

15

20

25

30

A
sp

ec
t 

R
at

io

A
ve

ra
ge

 G
ra

in
 S

iz
e 

(µ
m

)

Grain Size

Aspect Ratio

Annealing & Pickling Bright Annealing

M

M

E

E

0

1

2

3

4

0

5

10

15

20

25

30

A
sp

ec
t 

R
at

io

A
ve

ra
ge

 G
ra

in
 S

iz
e 

(µ
m

)

Grain Size

Aspect Ratio

Annealing & Pickling Bright Annealing

M

E

M

E

observed in Fig. 8 that 2A structure does not seem to suffer from plastic deformation in terms of grain 
morphology and re-crystallisation.  Material 2A shows an 80.3 % re-crystallised structure (Fig. 8b) at 
the hot rolling measurement point, versus 70.4 % for material 1A. 

Nonetheless, the re-crystallised fraction of 2A dropped after annealing.  This leads to point out the 
importance of cooling rate after hot rolling and annealing time.  Despite having retained less austenite 
than 1A, the cooling time of 2A after hot rolling not only ensured the complete transformation of 
austenite into ferrite, but also the growth of ferrite grains started to take place.  Thus, annealing time 
was exceeding for this material and, therefore, ferrite grains were elongated and showed a substructure, 
carried out by sub-grains nucleation. 
 
3.4.  Impact of martensite on AISI 430 manufacturing performance 
Manufacturing performance of both AISI 430 were evaluated as a function of remaining martensite 
within ferritic structure.  For this purpose, AZTEC RECLASSIFY PHASE was used to measure that 
martensite fraction. 

This investigation is addressed to study microstructural behaviour of flat ferritic stainless steel 
products.  In many occasions, most defects are located at the coil edges; therefore, this work has 
evaluated microstructural shifts between sheet middle and edges, in order to establish annealing 
performance in recovering ferritic structure. 

Specimens from 1A and 2A sheet middle and edge were taken after both annealing process 
(annealing and pickling and bright annealing).  These samples were analysed by EBSD, where grain 
size and aspect ratio of the specimens are shown in Fig. 9. 
 
 
          a)               b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
          c)              d) 

Figure 9.  Average grain size and aspect ratio development of annealed a) material 1A, and b) material 
2A after annealing and pickling and bright annealing.  c-d) EBSD BC+CSL+GB maps of annealed 2A 
specimens from coil middle and edge after bright annealing (from Fig. 9b). 
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Re-crystallisation from EBSD analysis and martensite measured by AZTEC RECLASSIFY PHASE for 
the specimens above are listed in the Table 3. 
 
 
Table 3.  Re-crystallisation and martensite fraction measured by AZTEC RECLASSIFY PHASE of both 1A 
and 2A specimens collected from sheet middle and edge after annealing processes (annealing and 
pickling and bright annealing). 
 

AISI 430 
Annealing 

stage 
Re-crystallisation % Martensite % 

Middle Edge Middle Edge 
1A A&P 88.8 30.6 0 0 

 BA 93.3 62.5    5.1 26.3 
2A A&P   3.7   0.7 0 0 

 BA 98.2 89.9 0    8.1 
 
 

These results suggest that the microstructure of 1A and 2A ferritic stainless steel has significantly 
changed from middle to both edges of each coil because of temperature drop between both points.  This 
different grade of re-crystallisation between the edge and middle site of the coil is also influenced by 
the geometry of the strip (width) and the energy balance inside the annealing furnace.  According to 
[19], radiation heat transfer is in charge of the over-annealing phenomenon on strip edges. 

4.  Conclusions 
After the last rolling pass, 1A was kept enough time to cool down slowly before reaching the annealing 
(A&P) temperature.  Controlled cooling ensures the γ → α + M23C6 reaction to partially occur before 
approaching the annealing stage.  During annealing, this material was initially based on ferrite and 
remaining austenite, and annealing heat led to recover and re-crystallise the ferritic structure (88.8 % R) 
during cooling from Ac1 to annealing output temperature. 

The aspect ratio of hot-rolled 1A increase after being annealed from 2.15 to 3.27.  The coarsening 
grain was promoted by large cooling time before annealing.  Considering that initial microstructure of 
1A was based on ferrite and re-crystallisation already started, soak time during annealing caused the 
coarsening of ferrite grains of annealed 1A. 

The 2A cooling range, after the last rolling pass, is shorter than 1A.  This means that 2A had less 
time to complete γ → α ൅ MଶଷC଺ reaction than 1A.  Nevertheless, the austenite fraction in 1A is higher 
than 2A, which can explain that 1A needs slower cooling time than 2A after hot rolling.  Despite faster 
cooling after hot rolling, results have shown that 2A approached annealing process with most of the 
ferritic structure recovered.  Therefore, annealing time should be lower in 2A than 1A, in order to ensure 
there is not an excess of annealing and subsequent over-growth of grains.  According to the aspect ratio 
of hot-rolled and annealed 2A (2.43 and 2.42, respectively), there is no evidence of grain coarsening 
phenomenon. 

Both 1A and 2A annealed specimens showed a microstructure based on large and small ferrite grains.  
This heterogeneous grain size distribution depends on austenite to ferrite transformation before Ac1, 
which was promoted by a two-stage reaction controlled by interface and diffusion of austenite 
transformation, respectively. 

Coil middle and edges microstructure of annealed specimens (A&P and BA) were analysed by EBSD 
and it proved to be an important technique to characterise surface defects related to martensite formation 
as a result of a temperature shift through the sheet width during annealing controlled by radiative heat 
transfer inside bright annealing furnace.  The site of strip placed by the edges is heated sooner than any 
site in the middle due to strip geometry and point distance to the furnace interior wall.  Furthermore, the  
  



EMAS 2019

IOP Conf. Series: Materials Science and Engineering 891 (2020) 012007

IOP Publishing

doi:10.1088/1757-899X/891/1/012007

11

refinement of ferrite grains took place as well as the aspect ratio slightly increase from sheet middle to 
edges.  This indicates that the temperature drop through sheet width generates most surface defects and 
mechanical failures located in coil edges of AISI 430 ferritic stainless steel. 
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