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Abstract: It is well known that the strengthening mechanisms of Nb microalloying on low carbon flat product have been widely 
studied and recognized since microalloying '75, but the application research and strengthening effects of niobium on middle carbon 
steel like rebars have been incomplete and under argument due to some factors like limited solubility of Nb(CN) in reheating stage, 
dominant application of vanadium in rebars, as well as uncertain strengthening effect resulted from high rolling temperature and fast 
rolling speed in finishing rolling stage. Combining with new version of GB1499.2-2018: Steel for the reinforcement of concrete-Part 
2: Hot rolled ribbed bars, it is very necessary to clarify the strengthening effects of niobium on high strength rebars for cost saving. In 
this paper, some new phenomena have been presented and discussed based on industrial trial results of Nb-bearing HRB400E, 
HRB500E and HRB600(E), and then strengthening effects of niobium on high strength rebars were discussed. 
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1. Introduction 

With progressive urbanization and industrialization 

happening over the past ten years, production output 

of rebar products has reached and maintained 200 

million tons scale since 2013, accounting for about 

25.0 percent of total crude steel output in China, as 

shown from Fig. 1. On the other hand, China’s two 

ministries, Ministry of Industry and Information 

Technology and Ministry of Housing and Urban-Rural 

Development of the People’s of the People’s Republic 

of China, established coordination group with related 

departments during the 12th five-year plan to promote 

high strength and earthquake resistant rebars, and then 

released guidance for accelerating application of high 

strength rebars. The specific aim and schedule are 

shown below: 

 By 2013, HRB335 will be completely eliminated 

in building engineering; 

 By 2015, the output of high strength rebars will 
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account for 80.0 percent of total rebar output, and 

reach 65.0 percent in construction engineering; 

 HRB500 will be made as priority for large-sized 

and large-span public building; 

 Launch research for HRB600 grade; 

 For earthquake-prone areas, anti-seismic rebars 

with higher tensile-to-yield ratio and uniform 

elongation should be recommended firstly. 

As we can see from Fig. 2, high strength rebars 

have surpassed 85.0 percent by 2015, and reached 

94.0 percent in 2017. China’s steel industry 

experienced the worst situation in 2015 since reform 

and openness, so steel mills started to remove 

expensive alloy elements like V, Nb and Mo for profit. 

For rebar segment, some rebar makers started to adopt 

remained heat treatment process to produce hot rolled 

high-strength rebars for cost saving, which was not 

consistent with requirements of GB1499.2-2018 

standard. In order to ensure safety for civil and public 

construction, China Metallurgical Information and 

Standardization Institute organized a round table 

meeting to add new clauses for microstructure and 

micro-hardness testing as arbitration. 
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Table 1  Basic requirements for hot rolled rebars. 

Grade 
Tensile properties Maximum addition, wt% 

Rel, MPa Rm, MPa A, % Agt, % C Si Mn P S Ceq 

HRB400 

400 540 

16 7.5 

0.25 
0.80 1.60 0.045 0.045 

0.54 
HRBF400 

HRB400E 
-- 9.0 

HRBF400E 

HRB500 

500 630 

15 7.5 

0.55 
HRBF500 

HRB500E 
-- 9.0 

HRBF500E 

HRB600 600 730 14 7.5 0.28 0.58 
 

 
Fig. 3  Typical macroscopical metallography picture. 
 

 
Fig. 4  Testing method for hardness. 
 

requirements, the yield-to-tensile ratio of 1.25 is the 

most difficult for small size HRB500E. Considering 

the challenge and difficulties, there is no earthquake 

resistant requirement for HRB600 grade temporarily. 

Besides basic requirements on chemical 

compositions and tensile test, testing and requirements 

on microstructure and section Vickers hardness were 

added in the first time. As we can see from Fig. 3, the 

microstructure of Fig. 3a with ferrite plus pearlite is 

required, and the microstructure of Fig. 3c is 

unacceptable with complete ring of tempered 

martensite or sorbite. For the microstructure of Fig. 3b 

with incomplete ring of tempered martensite or sorbite, 

hardness testing is needed as arbitration. If hardness 

gap between middle and surface is more than 40, it is 

unacceptable. These changes would have big impact 

on production process of high strength rebars and 

alloy market price. 

3. Production Process for High Strength 
Rebars 

In China, the basic alloy design matrix originally used 

for 335 MPa is 20MnSi, based on which 400 MPa and 

above grades were produced by using microalloying or 

controlled rolling and controlled cooling methods. Table 

2 shows the statistics data of HRB335 with 20MnSi alloy 

design without microalloying or/and controlled cooling. 

As we can see from production data, it is hard to meet 

the minimum 400 MPa in yield strength with only 

20MnSi alloy design, so microalloying or/and water 

cooling are required to ensure needed strength level. 

Among all production approaches, V process has been 

widely used to produce HRB400E and above grades, but 

VN alloy price fluctuated sharply, and affects promotion 

and application of V-bearing rebars. 
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Table 2  Statistics data of 335 MPa with 20MnSi alloy design. 

Diameter, mm Nsumber of sample C Si Mn YS, MPa TS, MPa A, % 

10 2356 0.21 0.50 1.40 412 568 31.3 

12 5789 0.21 0.50 1.40 403 566 30.1 

14 3569 0.21 0.50 1.40 398 565 28.4 

16 3987 0.21 0.50 1.40 388 563 29.0 

18 4589 0.21 0.50 1.40 383 562 28.0 

20 115 0.21 0.50 1.40 398 560 26.4 

22 3790 0.21 0.50 1.40 391 559 25.3 

25 5130 0.21 0.50 1.40 385 557 25.4 

28 1460 0.21 0.50 1.40 386 558 24.7 

32 1060 0.21 0.50 1.40 388 559 22.7 

36 165 0.21 0.50 1.40 384 560 23.0 

40 50 0.21 0.50 1.40 383 549 22.3 
 

According to investigation report, among 200 

million tons rebars in 2017, about 70 million tons 

rebars were produced with V microalloying process, 

and only 5.6 million tons rebars were produced with 

Nb microalloying process, and more 100 million tons 

rebars were produced with water cooling after rolling  

which most rebars have tempered microstructure, not 

consistent with required ferrite plus peartlie. As the 

newly revised standard take effect, market demand on 

VN alloy would push high alloy price of vanadium, 

and increase alloy cost for rebar customers. In order to 

assist rebar customers to reduce production costs, it is 

very necessary to develop Nb-bearing rebars with 

optimized production processing. 

4. Industrial Trial Results of Nb-Bearing 
Rebars 

4.1 Trial Results of Nb-Bearing HRB400E 

Table 3 gives the trial results of Nb-bearing 

HRB400E, including chemical compositions, key 

production processing parameters and test results. 

As we can see from Table 3, Nb additions are set 

from 0.025% to 0.037%, and Mn contents are set from 

1.12-1.50%. Normally, controlled rolling is seldom used 

for rebar rolling, but controlled cooling is widely used 

for mass production. So, the two main processing 

parameters for rebar production are reheating 

temperature and entry cooling bed temperature. Here 

we need to pay attention to the degree of cooling after 

rolling, some rebar makers adopt weak cooling to 

control scale thickness, and entry cooling bed 

temperature is more than 900 °C; some rebar makers 

adopts controlled cooling to increase strength, but entry 

cooling bed temperature is set at about 850 °C for 

avoiding tempered structure; some rebar makers 

employ Tempcore process to ensure required strength 

level, and entry cooling bed temperature is set at about 

650 °C to 720 °C for different sizes. According to 

newly revised standard, rebar with tempered structure is 

strictly forbidden, so here we do not consider Tempcore 

process. Although all test results of yield strength are 

higher than required 400 MPa in yield strength, but 

some results are lower than required value of 420 MPa 

or 430 MPa required by rebar makers considering aging 

problem and normal distribution of mass production. 

As we can see from Fig. 5, both structures of surface 

and center are composed of ferrite and pearlite, fulfilling 

the requirements of newly revised standard. Figs. 6 and 7 

show different microstructure type given equal chemical 

compositions and processing conditions. For small size, 

big austenite grain size resulted from high final rolling 

temperature and quick cooling rate during transformation 

would promote formation of bainitic microstructure. Figs. 

8 and 9 show the effect of reheating temperature on 

microstructure, and found higher reheating temperature 

would result in high volume of bainitic microstructure. Fig. 

10 shows the tensile curves with ferrite plus pearlite and  
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Table 3  Trial results of Nb-bearing HRB400E. 

No. Size, mm C, % Mn, % Nb, % 
Key Temp. Tensile test 

Reheating T. Cooling T. YS TS A, % 

1-1 18 0.21 1.12 0.027 1,129 900 406, 413 550, 559 31.5, 33.0 

1-2 18 0.2 1.13 0.028 1,146 880 431, 429 575, 572 30.5, 30.5 

1-3 25 0.22 1.34 0.036 1,132 860 450, 450 615, 615 23.0, 24.5 

1-4 25 0.22 1.32 0.031 1,120 860 460, 460 625,625 23.0, 23.0 

1-5 12 0.23 1.42 0.025 1,150 860 440, 455 610, 620 25.0, 25.0 

2-1 16 0.24 1.50 0.025 1,130 950 426-432 645-649 27.5-28.0 

2-2 18 0.24 1.50 0.025 1,120 950 428-443 642-657 23.5-26.5 

2-3 32 0.24 1.50 0.025 1,130 950 440-457 638-650 18.0-23.0 

3-1 16 0.23 1.25 0.030 1,100 990 428-442 627-621 23.5-26.5 

3-2 16 0.23 1.25 0.030 1,130 1,000 419-435 610-623 23.0-26.5 

4-1 25 0.22 1.45 0.037 1,190 960 425, 425 647, 634 18.0-20.0 

4-2 25 0.22 1.45 0.037 1,225 1,000 429, 430 643, 633 15.5-18.0 

5-1 12 0.23 1.35 0.022 1,165 830 430-475 590-620 27.0-32.0 

5-2 22 0.23 1.35 0.022 1,220 830 435-450 610-620 21.0-27.0 
 

 
Fig. 5  Microstructure of sample 1-3’s surface and middle position. 
 

 
Fig. 6  Microstructure of sample 2-1. 

 
Fig. 7  Microstructure of sample 2-3. 
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Fig. 8  Microstructure of sample 4-1. 

 
Fig. 9  Microstructure of sample 4-2. 

 

 
Fig. 10  Tensile curves of sample 1-3 and sample 4-2. 
 

bainitic microstructure. Based on past production 

experiences, continuous yielding appears when volume 

of bainitic microstructure surpasses 20.0 percent. 

4.2 Trial Results of Nb-Bearing HRB500E and HRB600 

Table 4 gives the test results of HRB500E and HRB600 

with V microalloying process and Nb plus V 

microalloying process respectively. As we can see, main 

problem for V-bearing HRB500E and HRB600 rebars is 

tensile-to-yield ratio for small sizes, and test results of 

tensile-to-yield ratio are lower than required 1.25 for 

earthquake resistant area. But with Nb plus V process, 

both test results of 12 mm and 25 mm are higher than 1.25. 

The effect of Nb on tensile-to-yield ratio is very interesting 

because it is contrary with grain refinement effect based 

on Hall-Petch formula. Here both microstructure of 

HRB500E and HRB600 is composed of ferrite plus 

pearlite. According to chemical extraction analysis, most 

Nb additions are in solution before transformation, which 

would decrease ferrite start transformation temperature 

and reduce volume of ferrite. So, high volume of pearlite 

would improve upon tensile-to-yield ratio. 

5. Analysis and Discussion 

5.1 Reheating Temperature 

For hot rolled rebars, one of the most important 

processing parameters is reheating temperature because 

controlled rolling is seldom used for rebar production. 
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Table 5  Test results of yield strength with different reheating temperature. 

Rough start rolling T, °C YS, MPa TS, MPa A, % 

1,066 475 475 630 640 25.5 23.5 

1,028 460 460 610 620 25.0 26.0 

1,020 470 465 620 625 27.5 26.5 

1,078 460 455 635 625 28.0 29.0 

1,020 460 455 620 620 28.0 29.0 

1,100 455 455 595 590 27.5 26.0 

1,125 445 450 595 600 26.0 27.0 

1,150 430 435 620 625 27.5 28.5 

1,138 445 440 645 635 27.0 26.5 

1,143 435 440 635 640 26.0 27.5 
 

The best way to validate the empirical equation is to 

test through production practice. Table 5 gives test 

results with different reheating temperatures. For rebar 

production, steel mills normally take start rolling 

temperature as benchmark to set reheating temperature, 

and reheating temperature is 50 °C higher. As we can 

see, higher reheating temperatures contribute to no  

big increase for yield strength, on the contrary,  

higher reheating temperatures lead to lower yield 

strengths. 

Why production practice is not consistent with 

calculation results of solubility product equation? As 

we know, with the increase of reheating temperature, 

austenite grain would grow and even coarsen while all 

niobium additions start to dissolve before rolling, 

which brings contrary contribution to yield strength. 

5.2 Mechanism of Bainitic Microstructure and Control 

Measure 

As shown from Fig. 10, with certain amount of 

bainitic microstructure, tensile curve shows 

continuous yielding (no yield point plateau). For this 

kind of rebar, end users refuse to accept because they 

think safety margin is not enough and may put 

building at risk. By observation, following factors 

were found to contribute to formation of bainitic 

microstructure: 

 High reheating temperature, and resulted higher 

final rolling temperature; 

 Bainitic microstructure appears in the center of 

big size, instead in the middle; 

 It is more likely to bring bainitic microstructure 

for small size rebars; 

 In addition, high Mn contents contribute to 

bainitic microstructure formation. 

Based on above observations, we can infer the 

reason for bainitic microstructure from γ→α 

transformation. Firstly, higher reheating temperatures 

mean more solution of Nb and coarsening austenite 

grain size, and both contribute to formation of bainitic 

microstructure. Secondly, for big size rebar, cooling 

rate in the middle is much slower than that of surface, 

so high temperature means big austenite grain size in 

the middle. Thirdly, cooling rate of small size rebar is 

quicker than big size during transformation process, 

which makes ferrite transformation difficult to 

complete due to short holding time in ferrite 

transformation zone. For the effect of Mn contents, it 

is clear that high Mn contents would inhibit ferrite 

transformation, and then promote formation of bainitic 

microstructure. Fig. 12 shows the effect of austenite 

grain size before phase transformation. 

Considering actual production conditions, the 

measures to control bainitic microstructure are as 

follows: 

(1) To control austenite grain size before 

transformation, water cooling is very effective; 

(2) If available, controlled rolling in lower rolling 

temperature will promote transformation of ferrite, 

and at the same time avoid bainitic microstructure; 

(3) If no water cooling is available, elaborate design 

on Mn contents and reheating temperature is needed. 
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Fig. 12  Effect of austenite grain size on transformation. 
 

 
Fig. 13  Strengthening effects of Nb, Ti and V. 
 

5.3 Strengthening Effects of Nb on Rebars 

According to early stage reports, as shown from Fig. 

13, the main strengthening effects of Nb are strong 

grain refinement plus weak precipitation, but 

production data of Nb-bearing HRB500E and 

HRB600 demonstrate high tensile-to-yield ratio, 

which is contrary to calculation results of Hall-Petch 

formula below. By comparison, we find rolling 

conditions of long product are totally different with 

flat product. For rebar production, higher final rolling 

temperature and fast rolling speed are typical features, 

which would affect subsequent transformation. On the 

cooling bed, fine and uniform Nb(C, N) particles will 

precipitate, and contribute to both yield and tensile 

strengths. 

YS(MPa) = 

53.9 + 32.3%Mn + 83.2%Si + 354%Nf + 17.4d - 1/2 

TS(MPa) = 

294 + 27.7%Mn + 83.2%Si + 3.85%pearlite + 7.7d - 1/2 

How do we explain this abnormal phenomenon? 

Firstly, most research of Nb-bearing steels is about low 

carbon flat product, and low temperature and large 

reduction is the typical feature with recrystallization and 

nonrecrystallizaition rolling. However, final rolling 

temperature for rebar is far higher than Tnr, so we cannot 

obtain pancaked austenite grain and grain refinement 

effect is small. What is more, more niobium contents 
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after final rolling exist in solution, which will increase 

hardenability and decrease ferrite transformation start 

temperature. Combining two reasons, transformation 

strengthening and precipitation strengthening are more 

remarkable for rebars. 

6. Conclusions 

Considering that newly revised rebar standard will 

come into operation on November 1st, 2018, market 

demand on VN alloy will push high vanadium alloy 

price. So, it is necessary to develop alternative 

production process with Nb for cost saving. Compared 

with V microalloying process, Nb can obtain equal or 

higher strengthening effect by process optimization. 

Based on production practice, following conclusions 

can be obtained: 

(1) Nb demonstrates positive effect to anti-seismic 

rebars, in particular, Nb plus V alloy design makes it 

possible to produce anti-seismic HRB600 grade; 

(2) Unlike low carbon bainitic microstructure for 

high strength pipeline steel, bainitic microstructure of 

Nb-bearing HRB400E leads to continuous yielding 

effect. With controlled cooling after rolling, bainitic 

microstructure can be controlled and totally 

eliminated; 

(3) As shown from production practice, Nb-bearing 

rebars do not necessarily need higher reheating 

temperature, further research is needed; 

(4) Due to higher finish rolling temperature, grain 

refinement effect can be lower than anticipated. In the 

meanwhile, Nb in solution will decrease ferrite 

transformation volume increase volume of pearlite 

volume. That is the reason why Nb microalloying is 

more effective to improve upon tensile-to-yield ratio; 

(5) For rebar, precipitation strengthening is more 

marked than that of low carbon flat product. 
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