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Abstract: Hadfield austenitic manganese steels exhibits high toughness, high ductility, high work hardening ability 

and excellent wear resistance. Because of the excellent combination of these properties this steel has been accepted as a 

very useful engineering material. It is broadly used in the fields of earthmoving, mining, quarrying, oil well drilling, 

steelmaking, railroading, dredging, naval, lumbering excavators, and mineral crushing equipment. In this study the 

influence of various contact molybdenum on the microstructure and mechanical behavior of this alloy was investigated. 

The results are described and discussed using micro-hardness measurements, impact test, optical and scanning 

electronic microscopy and EDS analyses. 
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Introduction: 

 

As early as 1882 Robert Hadfield patented the steel that 

was later used for the production of tracks and stone 

crushers. Suitable chemical composition (1.2 wt.% of 

carbon and 12.5 wt.% of manganese) and heat treatment, 

consisting of annealing at 1050
o
C and water quenching, 

resulted in very interesting properties.  Hadfield steel is 

characterized by high wear resistance. This is due to the 

fact that the material lends itself to extremely intensive 

work hardening under plastic deformation in the sliding-

contact zone. Due to its unique service properties, it has 

been used widely in a number of applications like rail 

tracks, dredge buckets, jaw crushers and a number of high 

impacts and wear resistance operations with 

modifications in composition and heat treatment. Many 

variations of the original austenitic manganese steel are 

available, but only a few have been adopted as significant  

improvements. These usually involve variations of carbon 

and manganese, with or without additional alloys such as 

chromium, nickel, molybdenum, vanadium and titanium.  

The mechanical properties of Hadfield steel are very 

dependent with carbon and manganese content. As carbon 

is increased it becomes increasingly difficult to retain all 

of the carbon in solid solution, which may account for 

reduction in tensile strength and ductility. Nevertheless, 

as the carbon increases the abrasion resistance increases, 

while, the ductility is lowered [1-3]. In the as-cast 

condition, steel contains carbides and embritting 

transformation product [2]. A full solution treatment can 

be obtained between 1000 
o
C and 1100 

o
C with soak 

times appropriate for the section thickness of the part. 

Higher solution treatment temperature (STT) should be 

avoided because carbon segregation may cause incipient 

melting, and scaling and decarburization may occur. 



 

Moreover, commercial quenching rates limit carbon 

concentrations retained in solution [2-4]. Although some 

grain growth may occur during solutioning, it is the pour 

temperature and solidification rate that strongly influence 

the final austenitic grain size [1-4]. In the present study, 

various percentages of molybdenum were added to 

Hadfield steel, and the effect of molybdenum addition on 

the microstructure and mechanical properties were 

investigated. 

 

Experimental Procedure  

 

Different series of Hadfield manganese steels were cast in 

this work using medium frequency induction furnace. The 

chemical composition of the casts is controlled during 

melting to have suitable percentages with aid of optical 

emission spectrometer (OES) type foundry master. Raw 

materials used as starting material were low carbon steel, 

ferrosilicon, ferromanganese, ferromolybdenum and 

graphite. Four samples were fabricated with different 

molybdenum contents (0.0, 0.2, 0.4 and 0.6%). These 

samples were denoted by Mo.0, Mo 2, Mo 4 and Mo 6 

where the subscripts represent the molybdenum content. 

The chemical composition of the as-cast samples is 

tabulated in Table (I). All ingots were cast at 1500 
o
C 

with dimensions of 32 mm diameter and 8 mm height, in 

a metallic mould to study the rapid cooling on the phase 

transformations of the manganese steels. 

Before metallographic study, all specimens that were cut 

from ingots were ground using 250, 350, 500 and 1000 

SiC emery papers respectively. The ground specimens 

were primarily polished using slurry of alumina with 

particle size of 50 μm. Final polishing was carried out 

using diamond paste with particle size of 1 μm. Etching 

has been taken place using 2% Nital to make specimens 

ready for metallographic study. The microstructures of 

the specimens are characterized using the Olympus 

optical microscope (OM), scanning electron microscopy 

(SEM) in a Philips XL30 at accelerating voltage of 30 kV 

equipped with an energy dispersive X-ray spectrometer 

(EDS). The grains size were measured by using Clemex 

Image Analyzer software from 20 OM images of each 

specimen (randomly selected) at magnification of 200 

times. Impact toughness tests were performed on a 

Galdabini Charpy impact universal testing machine; all 

tests were carried out on three samples. The samples 

hardness was measured on EMCO Rockwell hardness 

tester. The microhardness of samples was measured by 

Akashi hardness testing machine at a load of 500 g and 

dwell time of 10 s. Ten measurements were taken each 

sample to obtain the average value of hardness. 

Table 2: Chemical compositions (wt%) 

Materials C Mn Si Cr Mo 

Mo.0 1.19 12.4 0.52 0.81 0 

Mo 2 1.22 12.7 0.58 0.87 0.21 

Mo 4 1.27 12.1 0.47 0.74 0.43 

Mo 6 1.17 12.9 0.43 0.79 0.62 

 



 

Results and Discussions 

Figure 1 show the as-cast microstructure of Hadfield 

austenitic manganese steel in which the (Fe, Mn) C 

carbides are precipitated along the austenite grain 

boundaries. The formation of (Fe, Mn) C carbides along 

the austenite grain boundaries leads to the depletion of 

carbon and manganese in the matrix adjacent to the 

carbide network.  

 

 

Fig 1. As-cast microstructure of Hadfield austenitic 

manganese steel 

Figure 2 shows a higher magnification SEM micrograph 

focusing on a carbide network. It reveals that an 

alternative lamellae of (Fe, Mn) C carbides forms 

adjacent to the carbide network. A vertical section of the 

Fe-C-Mn phase diagram is shown in Fig. 3. The 

evaluated values of Ac1 and Ac3 temperatures are 651 

and 983 °C, respectively. The solution annealing 

temperature has been chosen as 1100 °C with the help of 

the calculated phase diagram by keeping an aim to get a 

completely austenitic single phase structure. 

 

 
Fig 2. As-cast SEM micrograph of Hadfield austenitic 

manganese steel 
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Fig 3. Pseudo-ternary phase diagram of Hadfield 

manganese steel 

Fig. 4 shows the microstructures of Hadfield steel after 

water quenching with different amounts of molybdenum. 

It is an austenitic structure with a coarse grain with 

distinct grain boundaries of regular thickness. No 

evidence of carbide was observed. The effect of 

molybdenum concentration on the grains size is shown in 

Fig. 5. It can be observed that the grains size distribution 

was decreased gradually with the increase of 

molybdenum concentration.  

Molybdenum is one of the strong carbide forming 

elements; therefore, MoC can be easily put into the 

molten alloy [4-6]. During the solidification process, the 

first precipitated compounds have the maximum melting 

point. As a result, it is inevitable for small high melting 

point particles (MoC) to act as heterogeneous nucleation 

nuclei and they lead to significant refinement of the 

grains size [3-7]. 
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Fig 4. Optical micrographs of samples with different 

amounts of molybdenum addition. 

 

Fig 5. Effect of molybdenum concentration on the grains 

size. 

The effects of molybdenum on the hardness and impact 

toughness of Hadfield steel are shown in Fig. 6. By 

adding molybdenum, the hardness of the samples slightly 

increases because the hardness of sample depends on the 

microstructure. In general, the refinements of 

microstructure positively affect the mechanical properties 

such as hardness and impact toughness. The impact 

energy relatively increased with an increase in 

molybdenum content. Increase in bulk hardness could 

imply a decrease in fracture toughness; however, 

concurrent with increasing hardness, structure refinement 

prevented the reduction of impact toughness of Hadfield 

steel. 

 Fig 6. Changes in the hardness and impact toughness 

with different amounts of added molybdenum. 

 

The result of study impact crusher industrial part 

investigation indicated that the wear mechanism for the 

parts with Hadfield steel is the process in which the 

microcracking and the cavity form at the subsurface, 

extend parallel to the surface and return to the surface at 

the weak areas, lead local areas of the surface to spall at 

last. After working under the impact load, the 

deformation layer was formed near the wear surface, in 

which the tangle and crossing of the dislocations led to 

the word-hardening of it (Figure 7). 

80µm 



 

 

Fig 7. Curves of microhardness of the Hadfield steel part 

after industrial work. 

At last the microcracking occurred at the boundary of the 

hardened layer and the unhardened layer (Figure 8). After 

impact and abraded for a long time, the microcracking 

extended to the wear surface, and would aggravate the 

growth of the microcracking and lead to the spalling of 

the hardened layer finally (Figure 8). Because of the 

interaction of the impact and abrasion, the wear loss was 

the maximal in this condition. 

 

 

Fig 8. Optical metallographs of section after working. 

Conclusion 

The present paper reports the result of an investigation 

into the microstructure and properties of Hadfield steel by 

adding molybdenum element. MoC particles can act as 

substrates for heterogeneous nucleation, resulting in the 

significant refinement of the final microstructure. 

With molybdenum added, a fine microstructure was 

achieved. This microstructure exhibited the highest 

hardness without any decreases in impact toughness. 

Acknowledgment  

The authors would like to thank the financial support for 

this work from the Isfahan Casting Industrial (ICI) of 

Iran. 

References 

[1] A. Kumar, S. Karabi, “Microstructural 

characterization of Hadfield austenitic manganese steel”, 

J Mater Sci. 43 (2008) 5654–5658. 

 
[2] A. Kumar. S. Karabi, “The abrasive wear resistance of 

TIC and (Ti,W)C-reinforced Fe–17Mn austenitic steel 

matrix composites”, Tribology International. 44 (2010) 

944–950. 

 

 

[3] A. D. Subhi, O. A. Abdulrazaq, “Phase 

Transformations of Hadfield Manganese Steels”, Eng. & 

Technology. 25 (2007) 808–814. 

 

 

80µm 

40µm 



 

[4] R. Harzallaha, A. Mouftiez, E. Felder, “Rolling 

contact fatigue of Hadfield steel X120Mn12”, Wear. 269 

(2010) 647–654. 

 

 

[5] S. Aribo, K.K. Alaneme, D.O. Folorunso and F.O. 

Aramide, “Effect of Precipitation Hardening on Hardness 

and Microstructure of Austenitic Manganese Steel”, 

Journal of Minerals & Materials Characterization & 

Engineering. 9 (2010) 157-164. 

 

 

[6] S.A. Balogun, D.E. Esezobor, J.O. Agunsoye, “Effect 

of Melting Temperature on the Wear Characteristics of 

Austenitic Manganese Steel”, Journal of Minerals & 

Materials Characterization & Engineering. 7 (2008) 277-

289. 

 

 

[7] Youn-Soo Ham1, †Jeong-Tae Kim2, Si-Young 

Kwak2, Jeong-Kil Choi2 and Woo-Young Yoon, 

“Critical cooling rate on carbide precipitation during 

quenching of austenitic manganese steel”, J china 

foundry. 7 (2010) 178–182. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

View publication stats

https://www.researchgate.net/publication/278411989

