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The 7.1 magnitude earthquake that rattled Anchorage, Alaska, in November 2018, underlined the effectiveness of stringent building codes that include 
minimum rebar standards for seismic-resistant construction.*  Despite the massive earthquake and aftershocks, there were no fatalities, no widespread 
injuries, and no buildings that collapsed within the city of Anchorage.** 

*State of Alaska. “2018 M7.1 Anchorage, Alaska Earthquake – Points to Ponder,” Alaska Seismic Hazards Safety Commission. Revised December 6, 2019. 
https://seismic.alaska.gov/download/ashsc_meetings_minutes/sig_eq_2018_Anchorage_final_update_120619.pdf

**Lukasik, Tara. “Alaska Hails Building Codes After Quake,” Building Safety Journal, International Code Council (ICC).  December 12, 2018.  
https://www.iccsafe.org/building-safety-journal/bsj-dives/alaska-hails-building-codes-after-quake

World leader in the production and commercialization of Niobium products, CBMM has customers in over 40 countries.  
With headquarters in Brazil and offices and subsidiaries in China, Netherlands, Singapore, Switzerland and the United 
States, the company supplies products and cutting-edge technology to the infrastructure, mobility, aerospace and 
energy sectors. CBMM was founded in 1955 in Araxá, Minas Gerais, and relies on a strong technology program to 
increase Niobium applications, growing and diversifying this market.

For more information about our products, visit www.cbmm.com/products

To learn more about niobium technology visit www.niobium.tech
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In 2019, the American Concrete Institute (ACI) Building Code 
Requirements for Structural Concrete introduced several new seismic 
design and material property requirements for higher strength steels in 
its ACI 318-19 release.* These updates are expected to support adoption 
of high strength rebar, which will reduce congestion in heavily reinforced 
members, improve concrete placement, and save time and labor. It is 
anticipated the key changes of  ACI 318-19 will be referenced in the 2021 
International Building Code (IBC).

*Moehle, J.P. “Key Changes in 2019 Edition of the ACI Building Code (ACI 318-19).” 
Concrete International Vol. 41, No. 8 (August 2019)

	 Building and infrastructure design has been undergoing a transformative period fueled by heightened awareness 
of seismic activity, extreme weather events, and blast and fire episodes.  In addition to occupant and user safety, the 
enormous financial risks to governments and insurers are driving demand for better performing concrete reinforcement 
for new resilient building construction and retrofits of existing structures.

	 Rebar and long product producers are uniquely positioned to develop new product grades featuring exceptional 
properties by implementing the successful microalloy process strategies popular today in other markets, notably high 
strength and high toughness automotive, pipeline and critical structural applications that include beams, forging quality 
bars, ship plate and pressure vessels. 

	 Attaining high strength and toughness for next generation rebar applications requires clean steel practices that 
significantly reduce sulfur and phosphorous, and control residual levels. A two-step strategy involving niobium (Nb) 
is recommended. 

	 A growing trend in rebar production is a design comprised of cost-effective lower carbon, lower residual contents 
that include sulfur and phosphorous, reduced nitrogen, Nb-containing lower manganese chemistries and a more 
homogeneous microstructure that replaces traditional mixed core/shell rebar.

	 Minimizing strain gradients are an effective approach to reducing the cooling rate during hot roll processing. This 
process lowers the risk of sub-surface cracking, especially under fatigue and bending states that can occur in the highly 
mixed microstructure between the shell and core zone.

	 The material properties and value add of next generation Nb-bearing reinforcing bars enhance the competitive 
advantage of steel products as a more suitable solution for design builds that must factor seismic, extreme-weather 
and fire resistance in concrete reinforcement.

Key Takeaways
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Executive Summary
Weldable and non-weldable reinforcing steel bars are among the 
most important steel products applied in civil construction. The 
available strength level of Niobium (Nb)-bearing rebar has been 
increased with the 345, 390 and 490MPa family of grades in addition 
to positive developments in the 600MPa series. Traditionally, higher 
strength grades were produced with vanadium and/or various 
controlled cooling processes. However, recent mechanical property 
and microstructural heterogeneity issues have led to increased 
global production of Nb-containing reinforcement bar products of 
all diameters. The combination of clean steelmaking practices at 
the melt shop with selective furnace heating practices, as well as 
controlled cooling practices at the rolling mill, are major operational 
focus areas. 

Production practices relating to lower carbon equivalent 
construction-type, earthquake and fire-resistant steel rebars from 

the melting stage through the crack-free continuous casting of the 
billets and extending through hot rolling and strategic cooling steps 
are critical. Specifically, the practices maximize the effectiveness 
of Nb when manufacturing high quality, high strength reinforcing  
bar grades. 

The step-change trend in rebar production is the design of  
cost-effective lower carbon, lower residual contents (including  
sulfur and phosphorous), reduced nitrogen, lower manganese and 
more homogeneous microstructure replacing traditional mixed 
care/shell rebar. Adaptation of these product characteristics can be  
cross-applied into lower strength non-earthquake/fire-resistant 
rebar, thereby reducing operational cost per ton and improving 
product quality for the end user in addition to reducing scrap rates 
during construction.

Introduction
The compelling need for the development of even higher quality 
rebar for seismic applications is driven by catastrophic earthquakes 
that have occurred in several countries including Haiti, Mexico, Peru 
and China combined with the climatic impact of hurricanes and 
tornadoes in the United States. 

Rebar research projects are being conducted worldwide. The focus 
continues to be on developing a family of Nb-containing reinforcing 
bar, including S500 and S600 grades with superior toughness, 
fatigue resistance and less yield-to-tensile variation. A successful 
high-quality production of these higher strength-elongation steel 
grades, regardless of the microalloy addition type, requires changes 
in melting and hot rolling practices. Such production leads to the 
consistent manufacturing of these value-added S500 and S600 
reinforcing bar grades for earthquake, hurricane and typhoon-
resistant applications.

Rebar and long product producers should consider implementing 
the successful process strategies being used today in high strength 
and high toughness automotive, pipeline and other critical structural 
applications such as beams, forging quality bars, ship plate and 
pressure vessels. 

Cross-application of these grade designs, process metallurgy 
steelmaking and hot rolling practices are extremely valuable, 
especially when involving the manufacture of high quality, high 
strength seismic and fire-resistant rebar. Additionally, several of 
these cost-effective improvements in chemistry, melting, casting and 
hot rolling can be incorporated into rebar production for grades as 
low as S235.

About 40 percent of the world’s population (nearly 2.4 billion people) lives within 100 km (60 miles) of the coast.* Coastlines are vulnerable to high 
wind events – and in seismic zones – the interrelated hazards of earthquake, landslide and tsunami. As the population continues to migrate toward the 
coastlines, the civil engineering sector is looking for concrete reinforcement that adds to the resiliency of buildings and infrastructure. 

* United Nations. “Factsheet: People and Oceans,” The Ocean Conference, New York, June 5-9, 2017.  
https://www.un.org/sustainabledevelopment/wp-content/uploads/2017/05/Ocean-fact-sheet-package.pdf
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Global Rebar User Market 
and Product Demands 
from Steel Producers
The market trend for an improved reinforcing bar in seismic grades 
and hurricane/typhoon regions is driving the development of new 
product grades featuring exceptional properties not available in 
currently manufactured reinforcing bars. 

Next generation Nb-bearing rebars are focused on properties with 
the following characteristics: (1) improved energy absorption at both 
ambient and extremely low temperature; (2) higher yield strengths for 
reduced cross sections; (3) higher elongations; (4) better weldability 
to reduce construction time; (5) improved heat-affected zone (HAZ) 
toughness; (6) better corrosion resistance; (7) improved elevated 
temperature properties; (8) improved seismic performance; (9) and 
better fatigue resistance. Those involved in the supply chain are 
demanding these property improvements for both weldable and non-
weldable reinforcing bars.

Successful steelmaking production of value-added seismic rebar 
requires application of several melt shop and rolling mill practices 
that in some cases resemble melt shop procedures associated with 
producing value-added automotive, pipeline and structural grades. 
Tighter process control during the melting, casting, billet heating 
and rolling is necessary to meet the demanding properties required 
for seismic-prone environments, including reduced carbon, sulfur, 
phosphorous, nitrogen and residual levels (i.e. Cu, Bi, Pb, Sb, As, Sn). In 
the past, these practices were often considered unnecessary within 
the long product production sector of the global steel industry. 

Adaptation of these more disciplined melt shop and reheat furnace 
practices already transcend weldable rebar production for non-
seismic weldable reinforcement bars in some countries. However, 
future generation rebar products will demand changes in operational 
practices to accommodate customer requests. Otherwise, substitute 
rebar construction materials will be used.

The Threat of Substitute 
Rebar Materials and the 
Steel Solution
Steel substitution has become commonplace over the past several 
decades. For example, an alternate rebar material substitution 
for steel could offer several options from the past, including: (1) 
resembling the impact of Al on steel container displacement; (2) 
numerous steel tubular products – among them conduit and pipe 
– replaced by plastic materials; (3) composite graphite power 
transmission components; (4) and simple high strength reinforced 
plastic and timber sections and shapes. 

Steel producers need a strategy to combat these alternative material 
threats. Different control strategies are required for the production 
of high-quality construction steel rebar to further improve quality 
performance consistency and homogeneity from heat-to-heat. This 
step-change improvement creates a formidable obstacle to the 
threat of using substitute alternative rebar materials. 

A specific strategic approach taken by some producers may include 
lower residual element levels, scrap segregation, lower sulfur and 
phosphorous levels, adopting a low carbon approach, control of 
nitrogen levels at the basic oxygen furnace (BOF) or electric arc 
furnace (EAF), and improved steel cleanliness at the tundish during 
billet casting. The new approach involves chemical elemental levels 
at significantly lower concentrations for C, N, S and P than identified 
in the ASTM A706 specification.

Carbon reduction can be executed in two stages, especially if a 
producer is currently near the 0.30%C level. N levels should be 
held to a maximum, but N is not part of the specification. Sulfur 
and phosphorous levels, in addition to the residual elements, can 
adversely affect fatigue, fracture toughness and ductility properties.

Resources needed for recovery from a large-scale natural disaster often 
greatly exceed the mitigation efforts that preceded the disaster. Steel 
producers can develop value-added rebar solutions for seismic and 
fire resistance using the material property enhancements of Niobium, 
already proven in high strength, high toughness automotive, pipeline and 
structural steels.

Table 1. Strategic World-Class Rebar Approach 

C Mn S P Si N Nb

ASTM  
Specification 

Maximum*
0.30 1.50 0.045 0.035 0.50 N/A N/A

Recommended 
Chemistry ≤0.20 1.20 ≤0.007 ≤0.030 0.30

90ppm 
EAF 

60ppm 
BOF

0.015-
0.025

* Shown by heat analysis in ASTM A706-16
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Next Generation Design Criteria
Future changes will transition differently throughout the global rebar 
producing sector depending on a given rebar producer’s objectives, 
mill capabilities, cost structure and overall commitment to external 
quality. Three criteria represent the cornerstones for these initial 
rebar changes. They are: (1) reduced carbon for improved ductility 
and toughness; (2) control of steel impurities through reduced sulfur, 
phosphorous and residuals; (3) and homogeneous microstructure 
with only 10HV hardness variation from the rebar surface through the 
cross-section, leading to grain size uniformity (with Nb) and improved 
mechanical property consistency throughout the heat. 

Integration of the process metallurgy with the rebar product metallurgy 
is essential during both the melting and hot rolling processes [1] 

Effect of Carbon
The importance of carbon and its effect on ductility is well known 
among steel rebar producers. However, no consideration has been 
given to the indigenous effect of carbon on the impact toughness 
parameter for most rebar products since the impact strength 
typically is not part of the specification. 

Nevertheless, impact strength through the thickness of a given 
product, even rebar, reveals an incredible amount of information 
concerning the product metallurgy of the bar. Figure 1 illustrates the 
relative differences in each steel as a function of carbon. Note the 
maximum allowable C content as shown by the heat analysis relating 
to ASTM A706 rebar for high strength, including earthquake-resistant 
applications, is set at 0.30%C. 

Many producers of Grade 60, Grade 80 and Grade 100 rebar 
judiciously reduce the carbon content to a desired amount, but the 
levels are quite diverse and often not publicly reported. The maximum 
allowable residual phosphorous is 0.035%. Sulfur is 0.045%. 

Deterioration in toughness (energy absorption of a given carbon 
steel grade) is significantly affected by increasing carbon levels. A 
challenge concerning rebar specifications is identifying the maximum 
allowable carbon content. For example, if a producer reduces the 
carbon content from 0.30%C to 0.20%C, the reduction results in a 33 
percent improvement in energy absorption from 25J at 0ºC to 140J, 
nearly a six-fold improvement. Another 25 percent energy absorption 
improvement results if the carbon is lowered to 0.11%. 

Control of Steel Internal Cleanliness
Due to the competitive nature of the rebar market, the operational 
cost of reducing residual levels often is considered excessive. Yet, if 
one considers the total activity-based production cost, manufacturing 
steels are not as costly as commonly believed. The key is to measure 
the total activity-based cost of steelmaking throughout the entire 
process, including the customer’s external cost to attain quality. [2]

The example below provides a simple comparison of toughness 
improvement through a reduction in sulfur levels. Low sulfur and 
low phosphorous combined with strict nitrogen control significantly 
increase the probability of consistently producing high quality 
structural steels that exhibit superior fracture toughness and impact 
strength. Low sulfur and low phosphorous steels improve both the 
castability and toughness of the steel, thereby minimizing billet, 
beam and slab cracking. Improvements in the rollability of the steel 
by reducing thermal resistance to deformation during rolling also can 
be achieved. 

Currently, there are extremely limited clean steelmaking practices 
applied to the production of high strength rebar throughout the 
world. As earlier presented, cross-application of process metallurgy 
practices applied to other products, such as pipelines, beams and 
ship plates to name a few, can be applied to seismic rebar production. 

Figure 1. Impact toughness at temperature for various carbon grades [3]
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Figure 2 illustrates the toughness of S355 for construction plate 
applications at decreased sulfur levels. 

Note that for each 50 percent reduction in sulfur, Charpy impact 
strengths are improved at least three to four times.

Beyond accommodating the customer’s need for improved 
toughness, the strategy for achieving a lower sulfur level also is 
aimed at meeting the internal operational need to reduce mill loads. 
The benefits derived from finishing at low temperatures are well 
established. Again, some mills are unable to perform rolling at these 
temperatures due to load constraints placed on the mechanical 
drives and motors. 

Homogeneous Microstructure Achieved 
Through Air Cooling
The cooling scheme achieved through application of different water-
cooling processes was developed several decades ago and has 
provided excellent performance over the years in meeting end-user 
needs. The Tempcore® process is applied to reinforcing bars as a way 
of increasing yield strength. It is a direct quench after hot rolling. [5, 6]

However, there are tradeoffs today in attempting to meet new end-
user demands by incorporating the Tempcore® process for certain 
applications. Based on current demand for more consistent rebar 
from heat-to-heat, better ductility/bendability at increased yield 
strength and improved fatigue performance, it is recommended 
producers consider an alternative rebar processing approach. The 
goal is to obtain a homogeneous microstructure from the shell to the 
core of the rebar.

Water-cooled non-Nb and air-cooled Nb-rebar comparisons are 
made relating to their chemistry (Table 1), mechanical property data 
(Table 2), and microstructure (Figure 3).  Stress and strain curves, 
including the derivation of the strain energy, are especially important. 

Table 2. Conventional Water-Cooled Rebar and Nb-Air-Cooled  
Rebar Chemistry 

C Si Mn P S Nb

Without  
Nb+H2O 0.25 015 0.65 0.041 0.034 -

With Nb+air 0.28 0.26 1.00 0.030 0.042 0.02

Table 3. Conventional Water-Cooled Rebar and Nb-Air-Cooled 
Rebar Chemistry 

Mechanical Properties Without Nb plus water With Nb and no water

Yield Strength (MPa) 620 600

Tensile Strength (MPa) 752 828

Elongation (%) 10 13

Tensile/Yield Ratio 1.21 1.38

Strain Energy  
(MPa-mm/mm) 65.19 91.17

Core to shell hardness 
variation through cross 

section (HV)
194-298 238-247

Figure 2. Sulfur effect on Charpy V toughness in transverse direction Grade 50 plate [4]
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The fundamental relationship between a more uniform  
homogeneous microstructure and consistent mechanical properties 
is well established. The mixed or heterogeneous microstructure, 
such as exhibited in Figure 3, is expected to result in great variability. 
In addition, the interface between the shell and core zone is a highly 
mixed microstructure and susceptible to sub-surface cracking, 
especially under fatigue and bending states. This mechanism 
has been proven in other metallurgical research showing that a  
sub-surface mixed microstructure is the root cause of cracks that 
develop under bending conditions. [8]

The comparison illustrates that the Nb air-cooled rebar exhibits 
four key characteristics compared to the traditional water-cooled 
tempered martensite shell-bainite core mixed heterogeneous 
microstructure. They are: (1) 30 percent increase in elongation; (2) 
14 percent increase in tensile/yield ratio; (3) 39.7 percent higher 
strain energy (i.e., energy absorption); (4) and more homogeneous 
microstructure.

This next generation rebar metallurgical approach is summarized  
in Figure 4.

Lower Carbon Strategy
Strategy MC – (≤0.20%C)

Controlled Air-Cooling 
Scheme

Niobium aim 0.015-0.025%

Promote grain refinement + 
homogeneity through  

cross section

Low Sulfur (≤0.007%)  
& Restrict Phosphorous 
(≤0.030%) & Residuals

Exceptional Energy  
Absorption & Fatigue  

Resistance & Bendability &  
Weldability Demands

Figure 4.  Next Generation Reinforcing Bar Process/Product Metallurgy Priorities
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Figure 3. Water-Cooled and Air-Cooled Rebar Comparison [7]
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Evolving Nb-Bearing Reinforcing Bar for Earthquake  
and Fire-Resistant Applications [9]

In the United States, nearly half of the population is exposed to potentially damaging earthquakes, with various probability levels applied in seismic 
provisions of building codes, insurance rate structures, risk assessments and other public policy.* Globally, one out of three people is exposed to 
earthquakes, a number that almost doubled in the past 40 years, mostly due to urbanization.** 

* Department of Interior, U.S. Geological Survey (USGS). “Nearly Half of Americans Exposed to Potentially Damaging Earthquakes.” Release date, August 10, 2015;  
https://www.usgs.gov/news/nearly-half-americans-exposed-potentially-damaging-earthquakes

**European Commission. “Atlas of the Human Planet 2017 – How Exposed Are We to Natural Hazards?”  EU Science Hub, May 24, 2017.  
https://ec.europa.eu/jrc/en/news/atlas-human-planet-2017-how-exposed-are-we-natural-hazards

Credit: U.S. Geological Survey; 2018 Long-term National 
Seismic Hazard Map (Public domain.)

Building on the next generation reinforcing bar, the compelling need 
to develop higher performance steels for seismic and fire-resistant 
steel applications is driven by recent catastrophic events, namely 
earthquakes and tsunamis. 

Current research and development projects throughout the world 
are focused on developing a family of niobium/molybdenum-bearing 
S500 and S600 grades of bar, beams and plates that possess 
superior toughness, fatigue resistance, fire resistance, seismic 
resistance, reduced yield to tensile ratio variation within a heat of 
steel, and overall superior performance. 

The engineered nucleation and controlled growth of complex nano 
co-precipitation containing Nb and Mo contribute significantly to 
a mechanism that results in enhanced performance under seismic 
and/or environmental conditions.  Successful high-quality production 
of these Nb-Mo steels with higher strength elongation steel behavior 
may require slight process metallurgy adjustments to melting and hot 
rolling practices. 

The adjustments are made to consistently manufacture and initiate 
the optimal precipitate size, distribution and volume fraction of Nb, 
Mo (C, N) in these value-added earthquake/fire-resistant grades. 
Producers of rebar, long product and plate that plan to supply 
these applications should incorporate the successful processing 
metallurgy strategies and operating procedures being used today 
for advanced high strength and high toughness automotive, pipeline 
and critical structural applications. Among those applications  
are fracture-critical beams, forging quality bars, ship plate and 
pressure vessels. 



Conclusion
Attaining high strength and toughness for next generation rebar applications requires clean steel practices to control sulfur levels at less than 
0.007%, phosphorous at less than 0.030%, as well as to control residual levels and reduce the maximum carbon level to 0.20C%.

Today’s rebar and long product producers should consider introducing these steps to realize high strength and toughness achieved in many 
automotive, pipeline and other critical structural applications. This integration of product and process metallurgy can transform the rebar 
industry, specifically obtaining high quality, high strength Nb-bearing reinforcing bar steels designed to meet the demands for resilient buildings 
and infrastructure well into the future.
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