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Preface

Ancient iron, the fourth most abundant element in the earth’s crust, 
is an astonishing modern engineering material. Alloying behaviour of 
iron has been the subject of countless, exhaustive researches. Relations 
between yield strength and the microstructural features that arise 
when iron is alloyed and thermo-mechanically treated have firmly 
established the findings of the theory of strengthening mechanisms. 
Iron has thus served as a model material for metal sciences. Steels 
became the ubiquitous choice for structural applications and have 
come to be used almost anywhere and everywhere. Consequently 
billions of tonnes of steel are now produced annually. Among the over 
3000 varieties of steel that have been developed and used, ultrahigh 
strength steels constitute an important group of speciality steels.

Several components of military and aerospace-related hardware 
require higher fracture toughness, for enhanced flaw tolerance, than 
hitherto attained in the known low-alloy ultrahigh strength steels. 
High-alloy maraging and secondary hardening steels provided the 
solution and these have been deployed in defence as well as in civilian 
applications that require higher fracture toughness at ultrahigh 
strength levels. The downside of these highly alloyed steels is that they 
are expensive. In this scenario, DMRL launched a major, prolonged 
research based development of a relatively low alloy, and therefore 
not-so-expensive steel. 

Chapter 1 presents a review of the available literature on ultrahigh 
strength steels. A brief description of the basics of ductile fracture 
theory is given in Chapter 2. Recognising the gap in literature 



x

regarding the role of solute elements in determining the fracture 
toughness of dilute iron solid solutions, substantial original research 
effort to close this gap was undertaken. This is the subject matter 
of Chapter 3.  Chapters 4 and 5 describe in detail DMRL work on 
the development (Chapter 4) and application (Chapter 5) of the 
indigenously developed ultrahigh strength high fracture toughness 
steel, designated DMR-1700 steel. 

Summaries of the contents of Chapters have been given at the end 
of each Chapter.

Research based development of DMR-1700 steel, then pilot-
scale production and thereafter industrial-scale production, and 
finally its application has been a colossal programme lasting three 
decades. Numerous colleagues have contributed to this programme 
and they have been duly acknowledged in this compilation. Directors 
of DMRL have extended exemplary support without let-up, so also 
DMRL’s sister laboratories as well as industrial houses. The credit for 
the success of this programme, if any, truly belongs to all these several 
individuals and institutions.

    G Malakondaiah  &  P Rama Rao                                                                                                                             
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Chapter 1

Ultrahigh Strength Steels – a review

1.1 IntrodUCtIon to Steel aS an engIneerIng MaterIal

Steels are the material of interest in our work. Iron and steel have 
indeed been researched more extensively than any other metallic 
material and, overtime, more than 3000 varieties of steel have been 
developed and used in making a ‘paper clip to an aircraft carrier’. 
India is the third largest producer of steel having produced this year 
101 million tonnes of finished steel, behind only Japan and China.

From the perspective of strengthening mechanisms, iron serves 
as an outstanding model material. Strengthening can be achieved by 
several means as shown1 in Table 1.1. These strengthening mechanisms 
have made possible increasing strength from as low as about 200 MPa 
of ultrahigh purity iron to as high a strength level of 4000 MPa in 

Table 1.1.  Strengthening mechanisms.
         Mechanism        Relation
Dislocations  ∆s ≈  a Gb r
Grain size ∆s ≈  ∆s0 + k/d1/2

Bainitic ferrite plate size ∆s ≈ 115( L )–1 
Solid solution ∆s ≈  A (es)

3/2C1/2

Precipitation and dispersion ∆s ≈  bGb/l
Multiphase  ∆s ≈  f(sII, sI)

G = shear modulus;  r = dislocation density; b = Burger’s vector;
d = grain size; L  = plate size; C = concentration of solute; l = interparticle distance; 
s = yield  strength; es = lattice misfit strain; A, b = constants
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Fe-based bulk metallic glass (Fig. 1.1, Table 1.2). As relevant data for 
reference, dislocation free iron whisker shows a strength of 13,000 
MPa; recently, after the discovery of carbon nanotubes, multi-walled 
carbon nanotubes have been made with a strength level of 63,000 
MPa, which far exceeds the theoretical strength of 27,300 MPa. 

1.2 UltrahIgh Strength (UhS) SteelS
Broadly, there are four classes of Ultrahigh Strength (UHS) steels: 

(a) low-alloy steels typified by AISI 4340 developed during the 1940s, 
(b) high-alloy maraging steels typified by 18Ni1700 steel developed 
during the 1960s, (c) high-alloy secondary hardening steels typified 
by AF1410 developed during the 1970s, and (d) carbide-free bainitic 
steels developed during the 1980s. These four classes of UHS steels, 

Figure 1.1.  Steel as an engineering material.

abbreviations:
1. UHP - Ultrahigh Purity   2. CP - Commercially Pure   3. DP - Dual Phase, Industrially Cold Rolled  
4. ECAP - Equal Channel  5. UHS - Ultrahigh Strength  6. BMG - Bulk Metallic Glass   
     Angular Process  7. MWCNT - Multi-Walled Carbon Nano-Tubes
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