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Abstract - The Fe-Al Oxide Precipitation Hardened (OPH) alloy is new generation of Oxide Dispersion Strengthened (ODS) 
alloys which is famous group of material based on their high temperature properties. The general production process of OPH 
alloys consists of a mechanical alloying process to create a material with a ductile matrix and hard oxide dispersion. Two 
variants of Fe-Cr-Al based OPH alloys developed by the authors to investigate the thermomechanical properties under 
different conditions. The results show that the heat treatment has a significant role on the mechanical properties of OPH 
alloys as well as microstructure development. It can improve the ultimate tensile strength (UTS) up to 100% while 
improving the elongation to almost 20%. 
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I. INTRODUCTION 

 

Iron Aluminum based OPH alloys are so nowadays 

interested because of low-cost and improved 

mechanical properties. By additional Cr contents of 

around 15 wt.%, it could be one of the leading 

candidates for structural components of future power 

plants [1-3]. Several advantages are considered when 
employing ferretic Fe-Cr-Al alloys in high 

temperature applications. In addition of lower raw 

material and preparation costs and of course superior 

oxidation resistance, the alloys have a higher melting 

point, lower density and lower thermal expansion 

compare to the current nickel or cobalt base alloys [4, 

5]. Besides the oxidation resistance of Fe-Cr-Al ODS 

alloys is attributed to the presence of the yttrium as a 

reactive element and in fact this element leads to the 

formation of an adherent and slow growing Al2O3 

film exhibiting highly protective properties for the 
underlying material up to 1200oC [6]. However, the 

mechanical strength of these alloys in the cast and 

wrought condition at elevated temperatures were too 

low to make them outstanding for such a purpose, 

that’s why the dispersion strengthening with stable 

oxide particle used to improve their higher 

temperature strength without sacrificing the excellent 

surface stability of the matrix alloy [7, 8]. ODS steels 

usually have reasonable creep resistance rather than 

their non-reinforced counterparts, however it usually 

suffer from poor toughness[9-11]. Therefore it is very 

important to optimize the microstructure of ODS 
steels to achieve an improved thermomechanical 

behavior. The author’s previous experience showed 

that the use of Y2O3 is effective to adjust the oxygen 

content in Fe-Cr-Al OPH Alloys[12, 13]. In addition, 

this could also enhance the impact properties of OPH 

ferritic steels [14]. However, there exists little 

information about the annealing effect on the 

microstructure and tensile properties of these 

materials at elevated temperatures. Thus the authors 

tried to manufacture two variants of Fe-Cr-Al OPH 

alloys differing in milling time to investigate the 

effect of annealing on the thermomechanical 

properties of this group of alloys 

 

II. EXPERIMENTAL PROCEDURE 

 

The OPH alloy was prepared based on Fe-Cr-Al 
matrix under a controlled mechanical alloying (MA) 

process. A particular advantage of the process is that 

the stored energy introduced to powders by high 

energy milling, can contribute to the production of a 

large elongated grain structure during subsequent 

high temperature heat treatments. However, special 

care should be considered for the milling time and 

rotation speed. The components consist of (wt.)% 

71Fe-15Cr-6Al-3Mo-1Ta-4Y2O3 in a form of 

atomized powder which then mixed with the specific 

amount of O2 in form of gas in a low energy ball 
mill. The mill which is developed by the authors is 

capable of evacuation and filling by oxygen in 

addition of adjusting rotation speed. The milling 

lasted for 150 h for first variant (V1) and 230 h for 

the second variant (V2), both at 70 rpm. Then the 

powder became a solid solution and transferred to the 

rolling container in a vacuum condition. At the same 

time, it has been evacuated by suction pump and then 

sealed by means of welding. The final semi products 

went through two step hot rolling at 900oC and the 

final thickness of 6 mm covered by 1 mm steel 

container was achieved. Based on the type of tests, 
the desired sample shape then cut by means of 

waterjet, parallel to the rolling direction. 

In order to investigate the effect of annealing on the 

thermomechanical properties of OPH alloys more in 

details, both variants were put under heat treatment 

described on table 1.Both variants then went through 

the tensile and hardness tests at room temperature 

(RT) to see how they were effected from the different 

heat treatment. A metallographic analysis was also 
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made to go more in depth through the microstructure 

of these alloys 
 

Variant 
Temperature 

(
o
C) 

Holding time 

(hours) 

V1 

1000 5, 10 

1100 5, 10 

1200 1, 5, 10 

V2 

1000 5, 10 

1100 5, 10 

1200 1, 5, 10 
Table 1: Annealing plan 

 

III. RESULTS AND DISCUSSIONS 

 
The mechanical properties after heat treatment of 

both materials were investigated by performing the 

tensile test using a thermomechanical simulator 

which could keep the constant desire strain rate of 

0.003 s-1during the whole test. Fig. 1 to Fig. 3 show 

the flow curves for both V1 and V2 under different 

annealing conditions which described in Table 1. It 

should be noted that all the tensile tests were done at 

RT. It can be seen that both UTS and elongation are 

significantly sensitive to heat treatment. In case of 

UTS, the best result achieved for V1 after 20 hours of 
annealing at 1000 oC while the best elongation 

achieved for the same variant at 1200 oC after same 

holding time. 

 

 
Figure 1: Flow curves after annealing at 1000 

o
C 

 

On the other hand, annealing at higher temperature, 

increased the ductility of OPH alloy while at lower 

temperature, higher strength could achieved, 

regardless of milling time. Compare to initial state 

(IS), the improvement in UTS could be varied from 

20% after annealing at 1200°C (Fig. 3) to more than 

100% after annealing at 1000°C (Fig. 1). The most 

effective one for V1, happened at 1100 oC holding 

for 20 hours, which increase the UTS for almost 50% 
while the elongation increased to 10%. 

Besides, the results confirmed that higher milling 

time, caused less improvement on the mechanical 

properties of OPH Alloy, even after annealing at 

elevated temperatures. The UTS improvement for V2 

(higher milling time) after 20 hours annealing at 1000 

oC and 1100 oC is almost 15% to 29%, respectively 

compare to initial state while no improvement in 
elongation was observed. It seems that the 

improvement for V2 started at 1100 oC after 20 hours 

of annealing (Fig. 2) which then increased by 

increasing the annealing temperature to 1200 oC (Fig. 

3). UTS increased almost by 30% and 43% after 5 

and 20 hours respectively, compare to initial state. 

 

 
Figure 2: Flow curves after annealing at 1100 

o
C 

 

 
Figure 3: Flow curves after annealing at 1200 

o
C 

 

Figure 4 shows the hardness (HV10) results for both 
materials on the initial state and on the samples after 

annealing under heat treatment at 1000oC, 1100oC 

and 1200oC holding within the time described in table 

1. The hardness test according to Vickers was 

performed by using a ZWICK/ROELL Z2.5 hardness 

tester with a load of 10 kg and loading time 11 s on 

the surface fracture area of polished samples. The 

average value was calculated from three 

measurements. The hardness of samples demonstrates 

the ability of OPH alloys to resist plastic deformation 

at various elevated temperatures. As the ODS ferritic 

steels possess remarkable mechanical properties such 
as high tensile and creep strength, OPH steels surely 

possess extremely hard surface and strength. Thus, 

Vickers hardness test is the standard method to 

measure the hardness of this group of materials 

compared to other hardness measurement methods 

such as Rockwell and Brinell. 
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Figure 4: Hardness (HV10) at different conditions 

 

The results show that the annealing also effected the 
hardness on both variants of OPH alloys. Compare to 

initial state, elevating temperature up to 1200oC 

decreases the hardness almost 30% while at 1000oC it 

decreases maximum 10%. Besides, V1 after 5 hours 

annealing at 1100
o
C shows less reduction in HV10 

compare to the V2 at the same condition. The reason 

could be attributed to the recrystallization process 

which may not started in this situation for V1 [15]. 

On the other hand, the decrease in HV10 is more 

considerable at the first step of annealing from 

1000oC to 1100oC, however on the second step from 
1100oC to 1200oC, less reduction happened. On the 

other hand, longer holding time has more influence 

on the hardness value of OPH alloys. Holding for 20 

hours up to 1100oC decreases the hardness 2 times 

more compare to similar condition with less holding 

time while at 1200oC, longer holding time has the 

same influence as lower time. 

In order to go more in depth, the microstructure of 

both OPH variants with different annealing 

conditions were investigated. Fig. 5 to 11 show the 

microstructure of all both V1 and V2 material using 
optical microscope. It could be seen that after the 

rolling (initial state), the microstructure of both 

materials consisted of solid solution with very fine 

oxides with different chemical composition. The 

microstructure was homogeneous without visible 

cracks after rolling. This microstructure keeps its 

formation with almost no changes in the main 

structure up to annealing at 1100 oC for 5 hours, 

especially for V2 (Fig. 7b). However, 

recrystallization did not take place in the entire 

material volume. Very small grains were still visible 

in the microstructure. 

 

 
(a) 

 
(b) 

Figure 5: OPH alloys microstructure (Initial State), 

(a) V1 and (b) V2 

 
(a) 

 
(b) 

Figure 6: OPH alloys microstructure (1000
o
C, 5 hours), 

(a) V1 and (b) V2 

 
(a) 

 
(b) 

Figure 6: OPH alloys microstructure (1000
o
C, 20 hours), 

(a) V1 and (b) V2 

 
(a) 

 
(b) 

Figure 7: OPH alloys microstructure (1100
o
C, 5 hours), 

(a) V1 and (b) V2 

 
(a) 

 
(b) 

Figure 8: OPH alloys microstructure (1100
o
C, 20 hours), 

(a) V1 and (b) V2 

 
(a) 

 
(b) 

Figure 9: OPH alloys microstructure (1200
o
C, 1 hour), 

(a) V1 and (b) V2 
. 

 
(a) 

 
(b) 

Figure 10: OPH alloys microstructure (1200
o
C, 5 hours), 

(a) V1 and (b) V2 
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(a) 

 
(b) 

Figure 11: OPH alloys microstructure (1200
o
C, 20 hours), 

(a) V1 and (b) V2 

 

Following Fig. 8, the recrystallization also starts for 

V1 holding at 1100oC for 20 hours (Fig. 8a) while it 

was started at the same temperature for 5 hours for 

V2 (Fig. 7b). The recrystallization progress almost 

completed for both variants after 1 hours at 1200oC 

(Fig. 9) and followed by Fig. 11 that shows the 
longest holding time of 20 hours at 1200°C, which 

the structure was completely recrystallized. The 

results also showed that the grain size is bigger for 

the V2 materials with longer milling time. 

To have a better understanding of chemical 

composition of the occurring particles in the 

microstructure of initial state, an EDS spectrum 

analysis were performed on both variants using 

scanning electron microscope (Zeiss Crossbeam 340-

47-44) (Fig. 12, Fig. 13) In the material V1 two types 

of particles were found. The bigger particles were 

darker and the EDS analysis showed that they are 
molybdenum, chromium, aluminum rich (Fig. 12). 

The second type were smaller lighter particles, which 

also contained tantalum. 

 

 
 

  

  

Figure 12: EDS spectrum analysis results for V1 

On the other hand, the bigger particles in V2 (Fig. 13) 

were tantalum rich and the rest of the particles were 

are Fe-Cr-Al rich. Molybdenum and chromium as a 

refractory element increases significantly the 

cohesive strength of the grain boundaries, stabilize 

bcc-lattice and increase the oxidation resistance at 
high temperatures. However, both elements increase 

the stability of carbides precipitating at grain 

boundaries provoking intergranular fracture. 

 

 

  

  
Figure 13: EDS spectrum analysis results for V2 

 

IV. CONCLUSION 

 

This paper described a preliminary investigation on 
the effect of annealing on the thermomechanical 

properties, hardness and microstructural of two 

variants of OPH alloys, differing in milling time, 

using a number of different tests. The results show 

that the heat treatment at elevated temperatures has a 

significant role on the mechanical properties as well 

as microstructure development of these alloys. The 

optimum annealing condition could be reported as 

1100oC for 20 hours which has the optimum effect on 

both UTS and elongation. Besides, it was found out 

that longer milling time (V2) has a negative influence 

on the mechanical properties which caused the late 
starting of recrystallization process. Base on that, the 

V2 showed less sensitive to heat treatment even at 

higher temperature with longer holding time. On the 

other hand, the hardness value (HV10), shows a 

decrease to almost 50% of initial value while the heat 

treatment temperature increased from 1000oC to 

1200oC. Also higher reduction was observed from the 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 

Volume- 8, Issue-3, Mar.-2020, http://iraj.in 

The Effect of Heat Treatment on the Mechanical Behavior of Fe-Cr-Al based OPH Alloy 

 
51 

second step of temperature increasing (1100oC to 

1200oC) compare to the first step (1000oC to 1100oC). 
The microstructure observation showed that the 

recrystallization, which leads to grain growth, started 

after holding for 5 hours (V1) and 20 hours (V2) at 

1100oC. Before this critical temperature, the structure 

was composed from very fine grains of about 100 nm. 

Over critical annealing temperature, a full 

recrystallized structure with coarse grains was 

obtained. Besides, the EDS analysis confirmed the 

presence of chromium and molybdenum in the 

biggest particles and tantalum was found in the 

smaller, which showed a positive behavior within the 

microstructures of OPH alloys. 
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