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Abstract 
 
The sensitivity of the yield strength of a 70 ksi HSLA steel to changes in processing variables was 
investigated using a laboratory hot-rolling mill.  Along with a detailed examination of the hot-
rolled microstructures, auxiliary experiments were conducted to determine how the 
decomposition of the austenite phase and the occurrence of ultra-fine precipitate formation could 
account for the yield strength variability.  A set of guidelines was recommended for the reduction 
of the yield strength variability. 
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EXECUTIVE SUMMARY 
 
The purpose of this project was to determine how the yield stress variability of a 70 ksi HSLA sheet steel 
was affected by changes in hot-rolling variables, and to formulate a set of guidelines for the reduction of 
such variability.  Central to this purpose was an understanding of how changes of the processing variables 
affected the microstructure, and how in turn the changes in microstructure affected the yield strength.  
 
The effect of hot rolling was examined using a laboratory hot mill at a corporate technical center.  The 
processing variables were the temperatures at which blocks were reheated, roughed, finished and coiled.  
The 2- inch thick blocks of as-cast material were obtained from a continuously cast 70 ksi HSLA slab. 
 
Tensile tests of the hot-rolled sheet revealed that whereas the measured lower yield point stress (LYP) 
varied somewhat randomly with the slab reheat temperature, it was insensitive to the roughing 
temperature over the range 1050 to 1150°C (1920 to 2100°F). Of greater impact were the various 
combinations of the finishing and coiling temperatures, leading to the conclusion that the LYP was less 
sensitive to variations in prior processing if the coiling temperature was 650 instead of 550°C, i.e., 1200 
instead of 1020°F.  To better understand this behavior, laboratory experiments were undertaken to 
examine in more detail the combined effects of finishing temperature (FT), spray cooling rate (SCR), 
coiling temperature, and coil cooling rate. 
 
With fixed levels of reheat and roughing temperatures, an unalloyed HSLA steel and steels with 0.035 Nb 
and 0.035 Nb + 0.046 V were hot rolled on the pilot-scale reversing mill.  For all three experimental steels 
the greatest variability was measured after coiling at 700°C (1290°F), with LYP being strongly sensitive 
to SCR.  The least sensitivity to FT and SCR was observed when coiled at 600°C. Coiling at 550°C 
lowered LYP and increased the sensitivity to FT and SCR. 
 
A detailed analysis of the hot-rolled microstructures was combined with dilatometry measurements and 
hot-rolling simulation on an MTS machine to show that CTT diagrams could be constructed to account 
for the broad range of ferrite types produced by process changes. An investigation using Atom Probe 
Field Ion Microscopy established that a Precipitation Temperature Time diagram could account for the 
formation of Nb,V(C,N) clusters following coiling at 650°C.  An analysis of the grain diameter 
distributions established that the grain structures were generally duplex in nature.  
 
The variation of the contributions of large-angle polygonal ferrite grain boundaries and precipitates to 
LYP were estimated. However, although  measurement of the dislocation density, grain boundary fractals, 
and grain boundary misorientation confirmed the general aspects of the ferrite types, an inability to 
quantify the portions of each ferrite type hindered the calculation of the total contribution of the 
microstructural components to the yield strength.  
 
From this unusual opportunity to study the complex interdependence of microstructure and processing of 
HSLA steel, the following guidelines for reducing LYP variability were proposed: 

1. Coil at 600 to 650°C to achieve minimum sensitivity of LYP to changes in FT and SCR. 
2. To avoid a strong sensitivity to SCR and FT, coil below 700°C. 
3. To maintain adequate yield strength, coil at temperatures above 550°C. 
4. Maintain a constant reheating temperature for all slabs. 
5. Determine the efficacy of microalloying additions for processing of strip as opposed to plate.  
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THE PROBLEM OF 70 KSI HSLA STEEL VARIABILITY 
 
A primary desire in the sheet forming industry is consistency of steel performance.   The variability of 
steel sheet performance, especially as indicated by the yield stress, can lead to rejection of blanks or 
stampings, with loss of material and waste of energy.  
 
Two trends exacerbate the question of inconsistency; i) the use of higher strength steels and ii) the 
associated reduction in sheet gage. From an Auto/Steel Partnership report [1], the variability of the lower 
yield point of a number of sheet steels is illustrated in Table A-1 of Appendix A.  Although the 
Coefficient of Variation, CV (1- Sigma/Mean), does not differ too much among these steels,  the absolute 
variability measured as 6-Sigma increases steadily with increasing mean strength.   
 
The problem of the variability of the highest strength HSLA steels is compounded by the fact that a 
driving force for higher strength is weight reduction.   With thinner gage the susceptibility to cooling 
effects in the hot strip mill is increased.  
 
There are three categories of processing variability that can contribute to performance variability in the 
stamp shop: 

Heat-to-Heat       Coil-to-Coil         In-Coil 
 
Heat-to-heat variability is primarily that of chemistry, and there is little published documentation of this 
effect on product variability.   It is more likely that the heat-to-heat variability will be rolled into an 
assessment of the total variability along with coil- to-coil and in-coil variability.  This was the case in a 
detailed Auto/Steel Partnership study reported in part by Oren et al [2] in 1998.  These authors concluded 
that for a 50 ksi (340 MPA) HSLA steel “the average mill is providing steel with a total variation of 
approximately plus or minus 10 pct of the average yield strength”, where the total variation is 6-Sigma 
with a value of 72 MPa. 
 
That the in-coil variability may increase significantly with increasing yield strength was demonstrated by 
Patel and Evans [3].  In the case of a low C-Mn-Nb steel the in-coil yield strength ranged 18 MPa from a 
minimum of 348 MPa, but in a high Mn-Nb steel the in-coil yield strength ranged 42 MPa from a 
minimum of 435 MPa, as shown in Fig. A-1.   
 
The greater increase in absolute variability at higher yield strength is also illustrated in Fig. A-2.  Here the 
coil-to-coil data for a 0.494 in. gage 70 ksi line pipe steel reveals that for the 49 coils the yield strength 
ranged 13 MPa from a minimum of 502 MPa, and the 6-Sigma measure is 75 MPa. It is worth noting that 
these data are from shipped heavy –gage coils that meet the customer’s specs, in addition to being from a 
single order in which the processing was in control.  In other words, this is a Base Line for the variability 
behavior of 70 ksi strength steels. 
 
Given that the absolute variability of the yield strength is limiting the weight-saving application of HSLA 
steels at levels of 70 ksi (480 MPa) and above, it was decided to investigate the influence of hot-mill 
processing conditions on the microstructure and consequently on the strength of a representative 70 ksi 
HSLA steel.    Critical to this investigation is the controlled variation of the hot-rolling conditions in 
laboratory hot rolling experiment, and the quantitative analysis of the different microstructures produced 
by the various processing conditions.  
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Project Goal:  To help reduce the yield strength variability of 70 ksi HSLA 
steels by better understanding the relationship between processing, 
microstructure, and mechanical properties. 

 
OVERALL EXPERIMENTAL APPROACH 

 
The first task was to determine how the yield strength of 70 ksi HSLA steel varied with processing 
conditions.  The next task was to examine the changes in microstructure as produced by the same 
processing variation.  Finally, an attempt was made to relate the changes in microstructure to the 
variability of the yield strength, and to recommend means of reducing the variability. 
 
To examine the influence of processing variation on the mechanical properties, in a controlled fashion, 
commercially cast 70 ksi material was rolled on a laboratory-scale hot-rolling mill at the U.S. Steel 
Technical Center.  An experiment to examine in more detail the influence of the post-deformation thermal 
path was conducted using an MTS machine equipped for thermo-mechanical processing (Expt. B).  A 
second experiment was conducted on the hot-rolling mill to confirm the findings of Experiment. B with 
tensile test samples and using laboratory heats that would distinguish the effects of niobium and vanadium 
additions. 
 
The three experiments are summarized in Table I. The chemistry of the various steels used is presented in 
Table II, where CC denotes that the material was received in the as-continuously-cast condition, whereas 
the BASE, NB, and NB+V steels were cast as laboratory ingots. 
 

Table I.  Experiments Conducted in this Project 
 

Experiment Equipment Processing  
Variables 

Measured 
Property 

Steel 
Used 

A Lab.  
Rolling 

Mill 

- Slab Reheat Temp. 
- Roughing Temp. 
- Finishing Temp. 
- Coiling Temp. 

Tensile 
Properties 

 

CC(NB+V) 

B Dilatometer -  Cooling Rate Transformation 
Temperatures 

CC(NB), 
CC(NB+V), 
CC(NB+TI) 

C MTS - Finishing Temp. 
- Spray Cooling Rate 
- Coiling Temp. 
- Coil Cooling Rate 

Hardness CC(NB+V), 
CC(NB+TI) 

D Lab.  
Rolling 

Mill 

- Finishing Temp. 
- Spray Cooling Rate 
- Coiling Temp. 

Tensile 
Properties 

 

BASE, 
NB, 

NB+V 
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Table II.  Key Chemical Analysis of the Steels Used. 

Bulk Content, ppm.  

C Mn S N Nb V Ti 

     CC(NB) 590 11,500 70 100 350 80 - 

CC(NB+V) 780 13,000 32 43 380 500 - 

CC(NB+TI) 640 12,600 90 80 625 - 435 

      BASE 590 12,600 58 53 <20 <20 40 

    NB 620 12,700 56 51 350 <20 50 

     NB+V 620 12,800 56 50 350 460 80 
 
 
In addition to hot rolling under controlled conditions, a key requirement of this project is a quantitative 
treatment of the microstructural variability.  For a preliminary view of how the microstructure may be 
related to processing conditions, the possible influence of processing variables on strengthening 
components is given in Table III.   Note that a single strengthening component such as the transformation 
product may itself have several strengthening features that can be independently affected by the 
processing conditions. 
 

Table III.   Possible Interaction of Strengthening Components with Processing Variables 

Strengthening Components  
Processing 
Variable 

Texture Grain  
Structure 

Transf’n. 
Product 

Precip. Disloc. 
Density 

Solute 

Slab Reheat Temp. Yes Yes    Yes 

Roughing Temp. Yes Yes     

Finishing Temp. Yes Yes Yes Yes Yes Yes 

Spray Cooling Rate   Yes Yes Yes Yes 

Coiling Temp.   Yes Yes Yes Yes 
  
 

FIRST ROLLING EXPERIMENT: OVERALL PROCESSING EFFECTS 
 

Objective:  To determine the influence of controlled hot-mill processing  
parameters on the variability of the tensile properties of the hot band.  

 
Material.  The continuously-cast 70 ksi HSLA CC(NB+V) was received in the as-cast slab condition, with 
a ferrite grain size of 83 µm.  To obtain the grain coarsening temperatures, samples of the as-cast material 
were re-heated at different temperatures for 60 minutes, followed by a water quench.  The resulting ferrite 
grain sizes indicated that the coarsening temperature was close to 1125°C.  
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A preparatory investigation of the recrystallization behavior of the CC(NB+V)  steel revealed that for a 
strain of 0.3 recrystallization of the austenite phase did not occur below 920°C. That the value of the 
recrystallization stop temperature is as low as 920°C is consistent with a weak calculated pinning force of 
0.05 MN/m

2
 for the observed NbC particle population, compared to an estimated recrystallization force of 

22 MN/m
2
. 

 
Experimental Conditions.  At the heart of the hot rolling experiment was an experimental design with two 
levels of Reheat Temperature, Roughing Temperature, and Coiling Temperature, and three levels of 
Finishing Temperature, to produce a combination of twenty-four conditions.  The aim levels of the 
variables are given in Table IV.  The common drafting schedule was two roughing passes of 50 percent 
and one finishing pass of 50 percent.   
 

Table IV.  Design of the Hot Rolling Experiment with CC(NB+V) Steel 
 

 Variables Levels  

  Deg. C Deg. F  

 Reheating Temperature 1200, 1280 2192, 2336  

 Roughing Temperature 1050, 1150 1922, 2102  

 Finishing Temperature 900, 950, 1000 1652, 1742, 1832  

 Coiling Temperature 550, 650 1022, 1202  

 
The actual temperatures obtained in the experiment are presented in Table B-I of Appendix B. 

 
Results of Tensile Tests.   The measures of the tensile properties are tabulated in Appendix B.  The LYP 
and UTS were generally obtained with three or four samples oriented parallel to the rolling direction 
(Table B-II), 45 degrees to the rolling direction  (Table B-IV), and normal to the rolling direction  
(Table B-V).  The Yield Point Elongation, Uniform Strain, Work Hardening Index “n”, and  r-bar were 
obtained from the samples rolled in the rolling direction (Table B-III). 
 
Variability of the Tensile Properties.  The overall variability of the LYP in the three directions, without 
consideration of the processing conditions, is given in Table B-VI. We see that in the case of samples 
tested in usual direction, parallel to the rolling direction, the Coefficient of Variation (Sigma/Mean) is 
5.15 pct for 65 samples.  This value of CV is at the high end of the variability recorded for commercially 
processed steels in Table A-1.   The results in Table B-VI also exhibit a strong anisotropy, with the value 
of CV for testing in the transverse direction being high at 9.45 pct.  
 
For tensile properties other than the LYP, the Coefficient of Variation is considerably greater than 5 pct 
when tested in the rolling direction, as shown in Table B-VII. 
 
When the processing conditions are considered in approximate terms of High, Middle, or Low levels 
corresponding to the aim conditions of Table IV, the overall variability can be broken down as shown in 
Table V and represented graphically in Fig. 1 on the page next but one.   
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Table V.  Variability of LYP for Various Processing Conditions [CC(NB+V)]. 
 

Level of  
Processing  
Variable 

Mean  
MPa. 

Difference 
In Level 
Means, 
MPa. 

Std. Dev.  
MPa. 

Coeff. 
Variation  

Pct 

Sample  
Size 

All conditions 526.5 - 27.1 5.15 65 
High RHT (1280 C) 533.4 15.4 24.1 4.52 36 
Low RHT (1200 C) 518.0  28.6 5.52 29 
High RT (1150 C) 526.7 0.4 25.8 4.89 35 
Low RT (1050 C) 526.3  29.0 5.52 30 

High FT (1000 C) 519.4 17.3 28.4 5.46 28 
Med. FT (950 C) 524.9  24.3 4.63 15 
Low FT (900 C) 536.7  25.1 4.68 22 
High CT (650 C) 539.1 24.7 21.6 4.00 32 
Low CT (550 C) 514.4  26.7 5.18 33 

 
 RHT = Slab Reheat Temperature RT = Roughing Temperature 
 FT    = Finishing Temperature CT = Coiling Temperature  
 
At this low level of detail there is clearly no effect of Roughing Temperature, as emphasized in Fig. 2 
where the variability is taken as the difference in the means of the two or three levels of the processing 
step.  Using Analysis of Variance (ANOVA) tests, we see in Table VI that there is actually no 
statistically significance difference between the two levels of the Reheat Temperature, nor between the 
three levels of the Finishing Temperature.  There is however a significant difference between the two 
levels of the Coiling Temperature, with the LYP being higher  for the high level of coiling temperature. 
 
 

Table VI.  Result of Analysis of Variance (ANOVA) Test  for LYP 

  F Statistic   
 LYP Table Test 

Significant 
Difference ?   

 High RHT vs Low RHT 7.11 5.55 NO   

 High RT vs Low RT 7.11 0.003 NO   
 High FT vs Med. FT 7.27 0.40 NO   

 High FT vs Low FT 7.17 5.06 NO   
 Med. FT vs Low FT 7.37 2.02 NO   
 High CT vs Low CT 7.11 16.75 YES   
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Fig. 1.  The mean LYP for tests performed parallel to the rolling direction, separated according to the 

processing condition.  A 1-Sigma error bar is assigned to the mean for ALL conditions.  
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Fig. 2. Variability for each of the four processing steps, where variability is 

measured as the difference in the average for each level of the processing step. 
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More illuminating than the simple statistical analysis is a direct comparison of the variable levels, keeping 
other conditions fixed.  This technique is illustrated in Fig. 3 where the LYP for available levels of the 
finishing temperature are compared for  the different combinations of  RHT, RT, and CT.  This technique 
has the advantage of showing that the effect of Finishing Temperature is more complex than revealed by 
normal statistical analysis.  For example, the results in Fig. 3 suggest that the finishing temperature has a 
stronger effect when the coiling temperature is at the lower level of 550 C.  The similar plot for the Mean 
LYP results measured in the diagonal direction, Fig. B-1, provides stronger support for this suggestion. 
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Fig. 3. Comparison of the Mean LYP at different levels of the Finishing Temperature, for various 

combinations of Reheat, Roughing, and Coiling Temperatures. 
 

 
The same type of detailed comparison was undertaken for the two levels of Coiling Temperature.  The 
results in Fig. B-2 show that the Mean LYP is greater for the higher level of CT = 650 C, for all the 
combinations of the other processing conditions.   The comparison plot in Fig B-3, supports the previous 
indication that there is little effect of the Roughing Temperature, whereas little can be concluded from the 
comparison of the two levels of Reheat Temperature in Fig. B-4.  
 

CONCLUSIONS.  The Lower Yield Point stress of the CC(NB+V) steel is 
greater when coiling takes place  at 650°C instead of 550°C, regardless of 
all other conditions. The Finishing Temperature is more effective when the 
coiling is at 550°C, the LYP being greater if FT is below the 
Recrystallization Stop Temperature.  The LYP is insensitive to variation of 
the roughing temperature over the range of 1050 to 1150°C.  

 
Yielding Behavior.   In all cases the yielding is discontinuous, indicating that some carbon is retained in 
solut ion after hot rolling.  The yield point elongation (YPE) is plotted in Fig. 4 as a function of the 
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Coiling Temperature, which here is taken as the temperature at the end of the spray cooling stage and 
prior to entry to the “coiling” furnace.  Although virtually independent of the coiling temperature, the 
YPE is much larger if finished at the low FT level of 900°C than at high FT level of 900°C.  The amount 
of YPE is determined by the dislocation density as well as by the amount of carbon in solution; the 
behavior illustrated in Fig. 4 is in accord with  the suggestion that more dislocations were present when 
the final pass in the hot mill was below the recrystallization stop temperature of 920°C.   
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Fig 4.  Illustration of the effect of “coiling“ temperature on Yield Point Elongation at  

FT = 900 and 1000 C.   CC(NB+V) samples tested in the rolling direction 
 

CONCLUSION. For the hot-rolled CC(NB+V) steel carbon is retained in 
solution for all processing conditions.  The unresolved carbon-dislocation 
interaction is most effective when the Finishing Temperature is below the 
Recrystallization Stop Temperature.  

 
Through-Thickness Hardness Variation    Hardness measurements with a load of 500 g were made across 
thickness traverses of the 6.8 mm-thick rolled sheet samples and the results are presented in Table B-
VIII.   Through-thickness hardness profiles are shown in Fig. B-5 for three levels of finishing 
temperature at the higher levels of reheat, roughing, and coiling temperatures. We might have expected 
the sample finished below the Recrystallization Stop Temperature of 920 °C to be somewhat harder than 
the other two samples, but all that is clear is that in all three cases the hardness is less close to the surface. 
 
The range of all 126 through-thickness measurements is 55.5 VHN. The range of the mean hardness with 
processing variation from coil to coil is 27.1 VHN.  Of interest is the fact that the minimum in-coil range 
is only 8 VHN for the two conditions 1231 and 1232, whereas the maximum in-coil range is 19 and 31 
VHN respectively for the conditions 2231 and 2232.  However, an overall effect of greater in-coil 
variability for the lower slab reheat temperature was not found. 
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The statistics for the two central hardness measurements for different levels of Finishing Temperature and 
Coiling Temperature are presented in Table VII.  The application of the ANOVA test revealed that there 
is a statistically significant difference between the two levels of Coiling Temperature, but not between the 
three levels of the Finishing Temperature.  
 

Table VII.  Statistics for the Central Measures of the Through 
Thickness Hardness of Rolled Samples 

 
 Number Mean Std. Dev. C.V., pct 
Low FT 14 205.9 5.94 2.89 

Med. FT 12 205.1 7.52 3.67 
High FT 16 202.1 6.80 3.37 

Low CT 20 200.5 6.68 3.33 
High CT 22 207.6 4.68 2.25 

 
 
An attempt to correlate the hardness with volume fraction  of polygonal ferrite in the grain structure 
was foiled because of the concurrent change in the grain size.  However, it was possib le to explore a 
correlation between the yield strength LYP and the hardness close to the mid-thickness of the 
CC(NB+V) sheet.  For the mean hardness values of fifteen conditions, ranging from 191 to 214 
VHN, the correlation of hardness and LYP is  
 

VHN = 0.373 x Lower Yield Point Stress,  ……..   (1). 
 

with a Correlation Coefficient fit of 99.5 pct. 
 

CONCLUSION.  That the hardness measurements indicate a significant 
variation of strength with Coiling Temperature is in agreement with the 
indication of the LYP measurements. 

 
==================================================== 
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COMPARISON OF LAB ROLLED MATERIAL WITH 
COMMERCIALLY ROLLED HOT BAND 

 
Objective:  To verify that the tensile properties of sheet produced on the laboratory hot 
mill are comparable to the properties obtained by hot rolling on a commercial hot mill.  
 
To address the question of how the product rolled on a laboratory hot mill compares with product rolled 
on a plant hot strip mill, the tensile properties of commercially rolled CC(NB+V) steel hot band were 
measured and the results are presented in Table C-I and summarized in Fig. 5  The tensile properties of 
the commercially-rolled  hot band were measured in the rolling, diagonal, and transverse directions. 
 
 

 
Fig. 5.  Comparison of the LYP and UTS for commercially rolled 70 ksi CC(NB+V) hot band and 

laboratory rolled hot band.   Error bars are for 1-Sigma, with the smaller error being for the smaller-sized 
populations of the commercially rolled material.  The tensile samples were oriented in three directions. 

 
Although the total number of tests of the supplied commercial hot band was only nine, there is reasonably 
close agreement with the results obtained for the laboratory rolled material.  
 

CONCLUSION.  The various processing paths used on the laboratory hot mill 
envelop the processing path for the CC(NB+V) Steel hot band processed at a 
hot strip mill, yielding comparable tensile properties.  

 
==================================================== 
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PRELIMINARY  INVESTIGATION  OF COOLING PATH EFFECTS. 
 

Objective:  To determine how sensitive the CC(NB+V) steel is 
to controlled variation of the post-finishing cooling path. 

 
Continuous Cooling without Prior Deformation.   In the initial part of this investigation as-cast samples of 
the CC(NB),  CC(NB+V), and CC(NB+TI), steels were simply annealed for 30 minutes at 1200°C and 
continuously cooled at different constant rates in a dilatometer at BAMPRI or in the Gleeble 3000 system 
at US Steel Tech Center.  The dilatometry results and microstructures will be described later. 
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Fig. 6.  Hardness produced by continuously cooling from 1200 °C without interruption. 

 
The hardness measurements are given in Table D-I.  The hardness increases almost linearly against 
log(Cooling Rate) as illustrated in Fig. 6,  from about 120 VHN at 0.1 C/s, to 355 VHN at 200 C/s.  
 
As discussed below, the microstructure is simply polygonal ferrite and pearlite for the CC(NB) sample 
cooled at the slowest rate of 0.1C/s and for which the hardness is 119 VHN. 
 
The dilatometry results and microstructures will be described later. 
 
Simulated Cooling Conditions Using an  MTS Machine.   Using an MTS machine, compression samples 
of the as-cast CC(NB+V) and CC(NB+TI) steels were heated to 1250°C and successively deformed with 
passes of 50 percent reduction at 1220°C, 1150°C, and 970°C. The thermal path was divided into two 
stages; a) from the finishing pass to the coiling pause, and b) from the coiling pause to room temperature.   
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The combination of the eighteen post-deformation thermal paths is shown in Table VIII.  Note that the 
coiling step was merely a one second pause at which the cooling was changed to the slower rate. 
 

Table VIII.  Processing Variables for the Auxiliary Cooling Path Experiment. 
 

 Variable Aim  
 Cooling rate from finishing to coiling. 10,  30 C /sec.  

 Coiling Temp. 550,  600,  700 C  
 Cooling rate from Coiling Temp. 0.01, 0.1, 1.0  C /sec.  
 
The microhardness  measurements of the cooled samples are presented in Table D-II.  As  shown in Fig. 
7, there is a pronounced maximum in hardness when the Coiling Temperature is 600 °C and the cooling 
rate after the coiling pause is 0.01 C/s.  This strengthening maximum at 600 C is greater for the 
CC(NB+V) than for the CC(NB+TI)  steel, and is greater when the cooling from the Finishing 
Temperature is at the slower rate of 5 C/sec.  
 
That the maximum at 600 C is strongly dependent on the cooling rate after the coiling pause, Fig. 8, is 
further evidence of the strong sensitivity of the strength of this steel on the cooling path.  
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Fig. 7.  Illustration of the maximum in hardness at 600 o C after cooling 
from the coiling temperature to room temperature at a rate of 0.01 C/sec. 
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Fig. 8. Variation of hardness with rate of cooling from the coiling pause at 600oC. 

 
 

============================================== 
 

SECOND ROLLING EXPERIMENT:  INFLUENCE OF COOLING PATH 
 

Objectives:   
1. To verify that the influences of the post-deformation thermal path 

observed by measuring the hardness of hot-compression samples 
hold true for the tensile properties of sheet samples rolled on the pilot 
hot-rolling line. 

2. To determine the variation of yield strength with spray cooling rate. 
3. To examine the effect of Nb addition with and without V. 
4. To detect an effect of finishing above and below the Recrystallization 

Stop Temperature. 
 
Experimental Procedure.  Three laboratory ingots were cast for this experiment.   The BASE steel was a 
0.06C/1.26Mn steel without any microalloying additions. As indicated in Table II,  an addition of 350 
ppm Nb was added to the NB steel, and 350 ppm Nb and 460 V was added to NB+V steel. 
 
The as-cast ingots were machined into slabs, and rolled with the standard processing of a slab reheat 
temperature of 1280 °C, and two roughing passes of  50 pct at 1150 and 1050 °C, and a finishing pass of 
50 pct.   The planned thermal path variables are given in Table IX. 
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Table IX.  Design of the Thermal Path Rolling Experiment 
 

 Variables Levels  

  Deg. C Deg. F  

 Finishing Temperature 900, 1000 1652, 1832  

 Spray Cooling Rate,  deg/s 10, 20 C/s 18, 36 F/s  

 Coiling Temperature 600, 650, 700 1112, 1202, 1292  

 
 
Tensile Properties  The actual processing conditions and the tensile properties of the BASE, NB, and 
NB+V rolled sheet samples are presented respectively in Tables E-I, E-II. and E-III of Appendix E.  
Included in the tables are the measured rates of spray cooling on the run-out table. 
 
The overall distributions of the LYP are shown in Fig. 9.   The strengthening effect of the Nb and the Nb 
+ V additions are evident.  It is also clear from the statistics given in Table X that for the three steels the 
absolute variability, as expressed by the 6-Sigma and Range values, increases markedly with increasing 
mean value of LYP.    A more detailed account of the variability of the three steels is provided in Table 
E-IV, and the variability of the NB+V steel as a function of processing is given in Table XI.  
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Fig. 9.  Distribution of the overall LYP measurements for the three steels. 
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Table X.  Statistics for LYP (MPa) for all Conditions 
 

  BASE NB NB+V 

    Number 35 36 36 
    Mean  331.7 445.6 484.6 

    Std Dev  20.2 23.0 31.1 

     6-Sigma  121 138 186 
     CV, pct  6.09 5.17 6.41 
      Range 
  (Max-Min) 74 99 127 

    
 

Table XI.  Variability of LYP of NB+V for Various Processing Conditions. 
 

Level of 
Processing 
Variable 

Mean , 
MPa. 

Max. Mean 
– Min. 
mean 
MPa. 

Std. Dev. , 
MPa. 

Coeff. 
Variation, 

Pct 

Sample  
Size 

All conditions 484.6 - 31.1 6.41 36 

High FT (1000 C) 473.1 23.1 29.7 6.29 18 

Low FT (900 C) 496.1   28.6 5.76 18 

High SCR (20 C/s) 497.2 25.2 25.5 5.12 18 

Low SCR (10 C/s) 472.0   31.6 6.70 18 

High CT (700 C) 470.5   43.4 9.23 12 

Medium CT (650 C) 505.8 35.3 14.9 2.95 12 

Low CT (550 C) 477.4   14.0 2.93 12 
 
 
To detect the possible sources of the yield stress variability exhibited in Table XI, the influences of 
finishing temperature, spray cooling rate and coiling temperature were examined.  The influence of the 
finishing temperature for the NB+V steel is illustrated in Fig. 10.   As in the case of the hot-rolled 
CC(NB+V) steel (Figs. 3 and B-1), the LYP is greater when finished below the Recrystallization Stop 
Temperature. But of more interest regarding the variability of LYP is the strong effect of the spray 
cooling rate when the sheet samples are coiled at the high level of CT = 700 °C.  Similar behavior at CT = 
700 °C is reported for the NB steel in Fig. 11.  However, the strong maximum conspicuous at Condition 
y22 (FT = 900 °C, fast cool, and CT = 650 °C)  for the NB+V steel is not as pronounced for the NB steel.   
 
In the case of the BASE and NB steels the strong effect of spray cooling at CT = 700 °C is still present if 
finished at 1000 °C, as shown in Figs. E-1 and E-2 in Appendix E.  At FT= 900 °C the LYP for the 
BASE steel is virtually insensitive to the post-deformation processing conditions.   
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Fig. 10.  Effect of Finishing Temperature on LYP at various combinations of 

the Spray Cooling Rate and Coiling Temperature, for the NB+V steel. 
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Fig. 11. Same as Fig. 10, but for the NB steel. 
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The degree of variability at different levels of the Coiling Temperature for the NB+V steel is presented in 
Fig. 12.  At the lowest level of CT = 600 °C the range of LYP for all combina tions of FT and SCR is only 
about 25 MPa.  What is clearly demonstrated in Fig. 12 is the strong influence of spray cooling rate when 
coiled at 700 °C.  The NB steel again behaves in a similar fashion to that of the NB+V steel, with a strong 
sensitivity to the spray  cooling rate when coiled at 700 °C, Fig. E-3.  The behavior of the BASE steel is a 
little different, for the insensitivity to the spray cooling rate only holds at the intermediate coiling 
temperature of 650 °C, Fig. E-4. 
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Fig. 12.  Effect of Coiling Temperature on LYP at various combinations of 

the Finishing Temperature and Spray Cooling Rate, for the NB+V steel. 
 
The sensitivity of the yield strength to the coiling temperature for combinations of the finishing and spray 
cooling conditions is illustrated in Figs. 13 and 14 for the NB+V and BASE steels respectively.  For the 
microalloyed steel the Mean LYP varies only 22 MPa with combinations of FT and SCR at CT = 600 °C.  
Raising CT to 650 °C increases LYP to as high as 525 MPa, but the variability increases to 33 MPa.  At 
700 °C the LYP is still at  525 MPa for the condition of fast cool after FT = 900 °C, but the sharp drop of 
LYP with slower cooling increases the variability to 111 MPa.    
 
In the case of the un-alloyed BASE steel the variability due to the combinations of FT and SCR is roughly 
independent of the coiling temperature, although the same maximum at CT= 650 °C still holds for the 
condition of FT = 1000 °C and slow cooling.  This maximum at the intermediate coiling temperature of 
650 °C is illustrated for all three steels in Fig. 15, and is similar to the maximum in hardness recorded for 
the CC(NB+V) and CC(NB+TI) steels in Fig. 7. 
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Fig. 13.  Mean LYP values for different conditions of Finishing Temperature and Spray Cooling  
Rate for the NB+V steel. Targeted “Slow” spray cooling rate was 10 C/s and “Fast” was 20 C/s. 
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Fig. 14.   Same conditions as in Fig. 13, but for the BASE steel. Error bars are for 1-sigma. 
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Fig. 15.  Comparison of the yield strength of the three experimental steels  

finished at 1000 °C and slowly spray cooled from FT to CT.  
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Fig. 16.  Comparison of the variability for thermal path conditions of the CC(NB+V)  
steel (1st Rolling Expt.),  and the NB+V steel (2nd Rolling Expt.).  
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Comparison of Results of Hot-Rolled CC(NB+V) and NB+V.  Despite the fact that the selected 
processing conditions are not all the same for the two hot-rolling experiments, a partial comparison of the 
results for the two steels rolled on the same laboratory hot mill is possible.  For example, from Tables V 
and XI we have the means of LYP for each individual level of the processing variable.  The difference 
between the means for all the samples finished at a given level of a processing variable can be taken as an 
approximate measure of the variability for that processing variable.  In Fig 16 this measure of variability 
is compared for the two steels for the cooling path parameters FT, SCR, and CT.    
 
Although imbedded in the variability of the CC(NB+V) steel is the variability due to different levels of 
slab reheat and roughing temperatures, the variability of the NB+V steel is greater.  This greater 
variability for the NB+V steel may be due to a combination a different range of coiling temperature (600 
to 700°C instead of 550 to 650°C) or a purposeful variation of the spray cooling rate. 
 
Yield Point Behavior.  As with the hot-rolled CC(NB+V) steel, a yield point elongation was observed in 
all the tensile tests of all three steels (see Tables E-I, E-II, and E-II).  From Fig. 17 we see that the YPE 
is larger when the finishing temperature is 900°C, or presumably below the Recrystallization Stop 
Temperature, and is lowest for the combination of high FT and fast spray cooling (22z).   
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Fig. 17. Variation of the Mean YPE for different processing of the three laboratory heats. 
 
An attempt to discern a particular pattern of YPE behavior corresponding to the LYP maximum in Fig. 15 
was unsuccessful due to the relatively scatter in the YPE data.   
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Hardness Measurements.  As with the earlier hot-rolled sheet samples, we were interested in the variation 
of the hardness through the thickness of the 6.35 mm thick samples.  The through-thickness hardness of 
three NB+V samples was examined, one sample having the highest LYP measure, and another the lowest 
LYP measure.  The results are presented in Table E-V and the variability  is illustrated in Fig. E-5 on the  
same page in Appendix E. 
 
 As summarized in Table XII, the through-thickness variability is seen to be considerably greater for the 
processing condition associated with the highest LYP, that is, for finishing at 900°C and spray cooling 
rapidly to a coiling temperature of 700°C.  On the other hand, in the case of processing conditions 
associated with the lowest LYP, the range of hardness was negligible, being only 7 VHN in 169. 
 
 

Table XII. Hardness Variability through the Thickness of NB+V Samples 
 

 
Processing 
Condition 

Mean 
VHN 

Std. Dev. 
VHN 

Hardness 
Range, 
VPN 

Mean LYP, 
MPa. 

Std. Dev. 
of LYP, 
MPa. 

900/ Fast /700 186 12.2 36 587 8 

1000/Slow/700 169 2.4 7 499 4 

1000/Fast/600 177 6.1 21 552 9 
 

 
Conclusions 

 
1. Measurement of the tensile properties of the three experimental heats 

processed on the laboratory hot-rolling line verifies the behavior 
indicated by the hardness measurements of hot-compression samples 
of the CC(NB+V) steel. 

2. For all three steels the yield strength is greater after finishing below 
the Recrystallization Stop Temperature, i.e., at 900°C. 

3. The variability of the yield strength is greatest when coiled at 700°C, 
where it is strongly dependent on the spray cooling rate. 

4. The yield strength increases significantly with Nb and Nb+V additions. 
5. For all three steels the yield stress is a maximum at a coiling 

temperature of 650°C following finishing at 1000°C and spray cooling 
at about 10 C/s.  

6. All samples exhibited a yield point elongation that ranged from 0.6 to 
5.2 percent.   
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VARIABILITY OF THE MICROSTRUCTURE 
 

Objective:  To measure in as quantitative fashion as possible the variation  
of the possible strengthening components of the microstructure. 

 
The methods used to measure the various microstructural components that may contribute to the 
variability of the yield strength are listed in Table XIII.  
 

Table XIII. Measurement of the Possible Strengthening Components 
 
 Component Feature Method  

 Grain Structure Grain size mean 
and distribution 

Bioquant, OM 
and SEM 

 

  Grain boundary  
roughness 

Fractal analysis  

  Grain boundary  
misorientation 

EBSD  

 Dislocation  
Density 

 TEM  

 Transformation 
Product  

Volume fraction Etching, 
Bioquant 

 

  Grain boundary  
misorientation 

EBSD  

 Precipitate Size - SEM 
- TEM 
- APFIM 

 

  Volume fraction - SEM 
- TEM 

 

 
APFIM Atom Probe Field Ion Microscopy 
EBSD  Electronic Back Scattering Diffraction 

 
 
GRAIN STRUCTURE 

 
As-Cast Microstructure.   The microstructure of the CC(NB+V) as-cast slab material can be summarized 
as: 

1. A mean ferrite grain size of 91 µm at 2.5 cm from the slab surface and of 83 µm at 5.0 cm from 
the surface of the nine- inch thick slab. 

2. Presence of Al2O3 particles varying in size from 8 to 15 nm. 
3. Despite the vanadium content of 500 ppm  (see Table II), no V(C,N) particles were detected using 

TEM techniques. 
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4. Use of TEM techniques also failed to detect any Nb(CN) particles. 
5. Use of the Electron Back Scattering Diffraction (EBSD) technique revealed that the 

crystallographic orientation of the as-cast ferrite grain structure was random. 
 
Prior Austenite Grain Size.  To determine the starting austenite grain size in the hot-rolling experiment, 
as-cast samples of the continuously cast CC(NB+V) steel, along with CC(NB), and CC(NB+TI) samples, 
were annealed at different temperatures for 60 minutes before quenching.  The measurements of the mean 
equivalent austenite grain diameter are given in Fig. 18 below  and Table F-I in Appendix F.   For the 
slab reheat temperatures of 1200 and 1280 °C used in the hot rolling of the CC(NB+V) bars we see that 
the grain size was 170 and 450 µm. This large difference was expected to diminish considerably with 
recurring recrystallization during the roughing stage.   
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Fig. 18.  Variation of the austenite grain size after one hour at the annealing temperature. 

 
The grain coarsening temperature (GCT) of the three steels was estimated as shown in Table F-1. For the 
CC(NB+V) steel  the GCT of between 1100 and 1150°C was associated with coarsening of Al2O3 
particles from 8-15 nm at 1000°C to 25-135 nm at 1200°C. 
 
The large difference between the austenite grain coarsening behavior of the CC(NB+V) and CC(NB+TI) 
steels is possibly due to grain boundary pinning by fine TiN particles in the latter steel.  
 
An investigation of the recrystallization behavior of the CC(NB+V)  steel revealed that for a strain of 0.3, 
recrystallization did not occur below 920°C. That the value of the Recrystallization Stop Temperature is 
as low as 920°C is consistent with a weak calculated pinning force of 0.05 MN/m

2
 for the observed NbC 

particle population, compared to an estimated recrystallization force of 22 MN/m
2. 
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Grain Size Measurements.  In the instances cited in Table XIII below, the grain structure of the ferrite 
was characterized using the Bioquant system to measure the area Ai of each grain.  From the area Ai can 
be calculated an equivalent grain diameter and hence the mean grain diameter for a sample of grains.  
Following usual convention, in this Report the mean grain diameter is represented by  <D>.    
 

Table XIV. Measurement of Mean Grain Diameter 
 

  
 
Ferrite Grain Size after Continuous Cooling without Deformation.   The mean ferrite grain size of the 
commercially-cast samples cooled in the dilatometer at the slowest constant rate of 0.1 C/s from 1200°C 
is given in Table XV.   As might be expected, there is a direct correlation of the ferrite grain size with the 
starting austenite grain size at 1200°C, but the reduction of grain size associated with the transformation 
to ferrite is greater the larger the initial austenite grain structure, being 40 percent for the CC(NB+V) 
steel.  An example of the shift in the grain diameter distribution accompanying the transformation from 
austenite at 1200°C to ferrite at room temperature is given in Fig. F-1.  Note here that the distribution of 
the equivalent grain diameter is close to log-normal. 
 

 
 
 

 Condition Steel Range of Mean Grain 
Diameter, µm 

Comment 

CC(NB) 45  As-Cast ferrite GS 

CC(NB+V) 82 

Grain size measured at two 
depths from the slab surface. 

CC(NB) 76 at 1200 C 

CC(NB+V) 214 at 1200C 

 Austenite GS after 
annealing.  

CC(NB+TI) 53 at 1200 C 

Initial grain size for 
dilatometry. 

CC(NB) 41 

CC(NB+V) 66 

 After cooling 
without interruption 
from 1200 C. 

CC(NB+TI) 31 

Cooled in dilatometer at 
constant rate of 0.1 C/s. 

 CC(NB+V) 5 to 8 Processing variables were 
RHT, RT, FT, and CT 

 

First hot-rolling 
experiment.  
      
 

CC(NB+V) 3 to 9 Through-thickness variation 

 Preliminary 
cooling effect. 

CC(NB+V) 
CC(NB+TI) 

12 to 17 Processing variables were 
SCR and CT 

BASE 8 to 12 

NB 3 to 7 

 Second hot-rolling 
experiment. 

NB+V 4 to 8 

Processing variables were 
FT, SCR, and CT 
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Table XV. Change of Grain Size for Austenite Quenched from 1200°C   

and for Ferrite Cooled from 1200°C at a Constant Rate of 0.1 C/s.  
 
  CC(NB) CC(NB+V) CC(NB+TI) 
 Austenite grain size <D> 

at 1200 C, µm 
76 214 53 

 Ferrite grain size <D> 
after cooling, µm 

41 66 31 
 

 Ferrite GB surface Sv, 
1/µm 

0.069 0.041 0.097 

 Relative change in grain 
size with transformation 

0.542 0.310 0.581 

 Hardness, HVN 165 183 205 
 
Effect of Cooling Path after Finishing.   Measurement of the grain size was included in the preliminary 
examination of the post-deformation cooling path using the MTS machine (Expt. C). The results in Table 
XVI suggest that holding the sample at the highest temperature for the longest time after finishing at 
900°C allows some growth of the ferrite grain structure.  For example, the mean grain size is largest for 
“highest” cooling path of 0.01 C/s from 700°C and smallest the ”lowest” cooling path of 1 C/s from 
550°C.   Perhaps more important is the observation that there is no evidence of a refinement of grain size 
to account for the higher hardness values at 0.01 C/s recorded in Table D-III and included in Table XV. 
 

Table XVI.  Ferrite Grain Size after Hot-Rolling Simulation with Compression Samples. 
(From Finishing at 900°C to Coiling Pause the Cooling Rate is 5 C/s.)  

 
 Mean Grain 

Diameter,  
µm 

Hardness, 
VHN 

Mean Grain 
Diameter,  

µm 

Hardness, 
VHN 

 

Coiling 
Temp., 
deg. C 

Coil Cooling 
Rate, 
C/s 

CC(NB+V) CC(NB+TI) 

 700 1 13.9 210 14.4 205 

  0.01 16.1 188 17.1 191 

 600 1 14.6 205 13.4 222 

  0.01 15.9 279 15.0 262 

 550 1 - 203 12.2 220 

  0.01 - 202 12.8 235 
 

 
Through –Thickness Variability of Hot-Rolled Sheet.  Before considering the variation of the grain size in 
hot-rolled sheet, it is worth pointing out that the grain size was observed to vary significantly through the 
thickness. For example, the mean grain diameter of three steels was measured on a plane parallel to 
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the surface, and at different distances from the surface.  The samples had been reheated and roughed at the 
highest temperature levels, with the finishing temperature as the variable in the condition 22y2.  The grain 
structure statistics  <D> and Sv are given in Table F-II. From the constructed profiles in  Fig. 19, it is 
clear that the inhomogeneous temperature and deformation conditions produced during hot rolling in the 
laboratory hot mill have had a significant effect on the size of the grain structure, being more severe with 
decreasing finishing temperature.   In light of this in-sample variability, all grain sizes recorded for the 
hot-rolled samples have been measured on the mid-plane of the sheet. 
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Fig. 19. Completed profiles of the grain size variation through the thickness of CC(NB+V) 
hot-rolled sheet, assuming symmetry. The profiles are for three levels of finishing 
temperature, with third digit, where  1 => 900, 2 => ? ? ?, and 3 => ???? oC. 

 
From a comparison of the distribution of grain size in Fig. 19 with the hardness distribution in Fig. B-5 
for the same samples, it is evident that in this instance the higher hardness is not related to a finer grain 
structure.  Presumably the higher hardness measured at the mid-plane of the samples is due to a 
microstructural factor other than grain boundary strengthening. 
 
Influence of Hot-Rolling Conditions.   The most extensive examination of the variability of the ferrite 
grain size was made in the first rolling experiment, Expt. A with the CC(NB+V) steel.  The grain size 
statistics of the ferrite grain structure, given in Table F-III, show that the grouped mean grain diameter 
<D> varied from 4.24 to 9.11 µm.    
 
An ANOVA test failed to reveal any statistically significant variation of the grain size with different 
levels of the processing condition.  If the average of the diameter means for the conditions 11yz, 12yz,  
21yz, and 22yz are taken from Table F-III and plotted in Fig. 20 we do indeed see that there is little 
effect of the RHT and RT processing factors on the overall mean diameter.  However, we also see that 
raising the RHT actually results in a narrowing of the range of the grain diameter means, especially if the 
roughing temperature is also at the higher level (w2yz).  
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Fig. 20.  Influence of the slab reheat and roughing temperatures on the range of the mean ferrite 
grain diameter for the hot-rolled CC(NB+V) samples.   The label is the mean for each complete 

set of combinations of RHT and RT. 
 
A closer look at the effect of the finishing temperature in Fig. F-2 shows that the effect of finishing 
temperature is weak; for all values there is only an overall increase of 1.03 µm in mean grain diameter for 
an increase of 100 oC in finishing temperature.   
 
The influence of the post- finishing cooling path on grain size was also examined in the second hot-rolling 
experiment, where the BASE steel was included along with the microalloyed NB and NB+V steels.  The 
mean grain diameter data are given in Table F-IV.   The ranges of grain size for combinations of the 

finishing temperature (FT) and spray cooling rate (SCR)  are shown in Fig. 21
∗∗

.   In the case of the 
BASE steel the grain size was larger after finishing at 1000°C in the austenite region, and the range was 
greater.  With microalloying, there was no discernible effect of the finishing temperature spray cooling 
rate.  
 
At first we would not expect any influence of coiling temperature on the grain size, and this is true when 
the steels are finished at the lower level of 900°C and cooled rapidly, as shown in Fig. F-3.  However, 
when finished at the higher temperature of 1000°C and cooled at the slower rate, there is an indication in 
Fig. 22 that for the BASE and NB+V steels some grain growth occurred when coiled at the high level of 
700°C.   Whether this apparent grain growth is related to the lower yield strength at CT = 700°C in Fig. 
14 will be discussed later.  

 
 

                                                 
∗∗ ?? ? ? ? ?? ? ? ? ?the?processing code for ? ? ? ?experimental steels is in the order of FT-SCR-CT, with 1 
denoting the lower level of the variable so that for 213, FT = 1000°C, SCR is Slow, and CT =700°C.  
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Fig. 21.  Influence of the finishing temperature and spray cooling rate on the range of  

mean grain diameter for the hot-rolled BASE, NB, and NB+V samples. 
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Fig. 22.  The effect of coiling temperature on the grain size of the three experimental steels, after  
finishing at 1000°C and slow cooling to the coiling temperature 
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Mixed Grain Structures.   In addition to measuring the mean of the grain size, the distribution of the grain 
size was examined using SEM images of the grain structure such as in Fig. F-4.  The grain-diameter 
distribution for 576 grains in this sample hot rolled with the condition 2112 is shown in Fig.  23.  Because 
the equivalent grain diameter is often distributed in a log-normal fashion [4], an attempt was made to fit 
such a distribution to the experimental data.   As seen in Fig. 23 the fit was only partially successful, there 
being an indication of a duplex grain structure.  This suggestion is supported by examination of the 
structure in Fig. F-4, and the fact that two log normal distributions can be nicely fitted to the experimental 
distribution in Fig 23.  A less clear indication of a duplex grain structure, based on the log-normal 
distribution of the grain diameter, is shown in Fig. F-5. 
 
An example of a different type of complex grain structure is shown in Fig. F-6. In this  case the grain size 
distribution of a hot-rolled NB steel sample was measured using SEM images of 1128 grains, and the 
small grain tail is added to the log-normal distribution.  
 
The duplex nature of the grain structures will be raised again when the products of austenite 
transformation are discussed.  
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Fig. 23.  The grain diameter distribution of 576 grains in a CC(NB+V) sample hot rolled  
according to the processing code 2112.  There is an indication that the grain structure is duplex. 

 
CONCLUSIONS. For the hot-rolled CC(NB+V) steel the overall mean of the 
equivalent grain diameter of polygonal ferrite was 7.5 µm.  Although the 
variations of the processing temperatures were considerable, they had little 
effect on the grain size, with the possible exception of an influence of 
finishing temperature for the condition of high reheat, roughing, and coiling 
temperatures. There is some evidence that growth of the ferrite grains is 
favored by finishing at high temperatures and by coiling at 700°C.  Finally, 
analysis of the grain size distributions indicates duplex structures. 



 

Page  32 

Grain Boundary Area.   The most direct measure of the grain boundaries is the grain boundary area per 

unit volume, Sv
1
.  The variation of Sv with the mean grain diameter is plotted in Fig. 24 for hot-rolled 

sheet samples of CC(NB+V).  While the grain size decreased from 9.25 to 3.14 µm, the grain boundary 
surface increased from 0.29 to 0.99  (µm)

-1
.  (See Tables F-II and F-III).    

y = 3.5487x
-1.1061

0.2

0.4

0.6

0.8

1.0

1.2

2 4 6 8 10

Mean Grain Diameter, µm
 

Fig. 24. Variation of the measured grain boundary surface per unit volume with the  
mean equivalent grain diameter for hot-rolled CC(NB+V) samples 

 
The functional variation of Sv with mean equivalent grain diameter <D> is given by the trendline in Fig. 
24:  

Sv = 3.549 D −1.106
  ........ (2) 

 
Modeling of regular tessellations suggests an ideal exponent for <D> is –1.000.  Transforming Eqn. 2 
with respect to the mean grain boundary intercept length  l from Sv and the mean grain area <A> from 
<D>, we have 

  l = α A m
. ........ (3) 

We find that for the grain structures examined here, m = 0.553 and α = 0.645. Other researchers have 
obtained values of m = 0.500 and values of α between 1.00 and 1.40 [5 -8].   
 
Strengthening Contribution from the Grain Boundaries.  From the well-known Hall-Petch relationship the 
increase in the lower yield stress due to the grain boundaries is given by: 
 

                                                 
1  A description of the method adopted to calculate Sv is given following Fig. F-20  in Appendix F. 

  ∆σ GB = k y ⋅ l −1 /2 MPa( )........(4)
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where ky is taken here as 16.20 MPa.(mm)
1/2

 and the grain structure parameter   l  is related to the 

surface per unit volume by Sv=2/  l .  Equation 4 can be used to estimate the POTENTIAL range of the 
LYP corresponding to the TOTAL RANGE of grain sizes measured for the hot-rolled CC(NB+V) steel.  
In Table F-III the mean equivalent grain diameter <D> is seen to range from 4.24 to 9.11 µm.  Over this 
range of grain diameter the contribution to the LYP changes by 106 MPa, as shown in Table F-V.  

Grain Shape and Boundary Roughness.  In addition to <D> and Sv, we can use the Bioquant system to 
measure the shape of the grains in terms of the ir departure from regular straight-sided polygons. After  
Mandelbrot [8] we have the fractal equation 
 

G =
Pi( )1/ Df

A i( )1/ 2
 ………..  (5). 

where G is the grain shape parameter for the structure, Df is the fractal dimension,  and Ai and Pi are the 
area and perimeter of the ith grain.  Until knowing whether in fact a grain boundary network is truly 
fractal, we choose to replace the fractal dimension Df with the grain Boundary Roughness coefficient 

Rgb.   Then Eq. 5 can be re-written as 

ln Pi( ) = Rgb ln G +
Rgb

2
ln Ai( )………..  (6). 

According to Eq. 6, a plot of ln(Pi) vs ln(Ai) will have a slope of R gb/2, with a value of Rgb equal to 
1.000 for perfectly linear grain boundaries.   Such a plot is presented in Fig. F-7 for a sample that with 
optical microscopy appears to have a polygonal ferrite grain structure.  The intercept in Fig. F-7 yields the 
grain shape parameter G, which is independent of grain area Ai. 
 

Measurements of Rgb are included in Table XVII, and we see that as expected the values of Rgb were in 
fact significantly higher for the non-polygonal ferrite grain structures than for the polygonal ferrite.  
 

Table XVII.  Grain Boundary Characteristics of Polygonal and Non-Polygonal Ferrite 
 

 
Condition Boundary 

Roughness 
Ferrite 
Type 

Surface / Unit 
Volume, /µm 

 

 1112 1.120 Poly 0.401  

 1122 1.079 Poly 0.355  

 1131 1.186 Non-Poly 0.499  

 1212 1.081 Poly 0.358  

 1231 1.236 Non-Poly 0.537  

 2112 1.091 Poly. 0.353  

 2212 1.047 Poly. 0.432  

 2222 1.019 Non-Poly + Poly 0.396  

 2232 1.124 Non-Poly. 0.429  
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To explore how the grain boundary roughness may affect the yield strength, the values of LYP for the 

conditions in Table XVI were plotted against Rgb in Fig. F-8.  Although the amount of roughness data is 
limited, there does appear to be a decrease in LYP with increasing boundary roughness. 
 
Fractal Nature of Grain Boundaries.   Although  grain shape and surface roughness can be measured at a 
single  level of magnification, this technique does not reveal the actual fractal nature of the grain 
boundaries.   If instead the measured grain boundary roughness remains the same at ever increasing 
magnification, then the boundaries may be considered to be truly fractal, and the roughness coefficient 

Rgb of Eqn. 6 becomes the Fractal Dimension, Df.  To demonstrate that Rgb is actually independent of 
the magnification, a “tiling” method was used where the tile size is the “yard stick” length “s”, and the 
number of yard stick steps is taken as the number of tiles along the grain boundary at a given 
magnification.   A combination of three measurements at three tile sizes and four magnifications was used 
to produce the plot presented in Fig. F-9.   The Fractal Dimension is then given by 
 

N(s) = α ⋅ s−Df  .......  (7) 
 

where, N(s) =  number of the steps used in tracing a certain boundary 
 α =  constant 
 s =  yardstick length or tile size 

   Df  =  Fractal Dimension. 
 
Using the tiling method revealed that the boundaries in mixed polygonal and non-polygonal ferrite grain 

structures were indeed fractal.  In light of this finding, it is reasonable to take Rgb as equivalent to Df ,  
and to use this equivalence when we examine how the transformation behavior affects the nature of the 
grain boundaries and their  role as sources of  dislocation emission. 
 
Grain Boundary Misorientation.  In addition to the distribution of the individual grain diameters and the 
boundary roughness, the nature of a grain structure can also be characterized in terms of the grain 
boundary misorientation. Using Electron Back-Scattering Diffraction (EBSD) techniques, a frequency 
distribution for the boundary misorientation within a grain structure can be constructed. For example, 
most of the boundaries in an as-cast sample will have a misorientation of about 50 deg., close to that for a 
randomly nucleated structure.  For hot-rolled samples the distribution is more complex. 
 
A detailed examination of the influence of the extreme levels of finishing and coiling temperatures (1211, 
1231, 1212, and 1232) for hot-rolled CC(NB+V) steel is illustrated in Fig. F-10.   The three peaks present 
in the frequency distribution curves of this Figure are associated with low angle boundaries at about 10 
deg., medium angle boundaries at about 35 deg., and high angle boundaries at about 55 deg.  Indicative of 
a structure with a highly dislocated sub-structure is a high peak at 10 deg. This low-angle peak is 
described by the factor LAGB, which is estimated by finding the area under the distribution curve for 
angles less than 15 deg.   
 
A fairly complete description of the four grain structures represented in Fig. F-10 can now be assembled 
in Table XVIII, for the condition of low Reheating Temperature and high Roughing Temperature.  In this 
Table the most remarkable correlation of grain structure descriptor with processing conditions is the 
higher values of LAGB with the higher finishing temperature, where the polygonal ferrite is dominant.    
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Table XVIII. Effects of Finishing and Coiling Temperature on the 
Nature of the Grain Structure in Hot –Rolled CC(NB+V) Sheet. 

 
 Low Finishing-

Low Coiling 
(1211) 

Low Finishing-
High Coiling 

(1212) 

High Finishing- 
Low Coiling 

(1231) 

High Finishing-
High Coiling 

(1232) 

<D>, µm  4.24 8.44 5.69 8.89 

Sv, /µm  0.7182 0.3354 0.5187 0.3167 

G 4.27 3.88 2.76 4.23 

Rgb  1.118 1.038 1.236 1.142 

Df (tiling) 1.041 1.027 1.078 1.068 

Fract. LAGB, pct 13 12 23 32 

Dislocation Density,  

E+10/cm
2
 

3.55 0.84 5.60 1.85 

Mean LYP, MPa 524 550 493 537 
 

where  <D>  = Equivalent diameter of mean grain area.  

         Sv = Grain boundary surface per unit volume. 
                G = Grain shape parameter.  (See Eqn. 5.) 

             Rgb = Grain boundary roughness coefficient. (See Eqn. 6.) 

  Df =  Fractal Dimension 
 

    Fract. LAGB =  Fraction of grain boundaries with misorientation less than 15 deg. 
 

SUB-GRAINS 
 
It is well established that the fraction of low-angle boundaries (LAGB) is related to the formation of sub-
grains [9], and sub-grains themselves contribute to the yield strength according to the relationship [10], 
 

 where  
m  =  -1/2 

ks  = 14 N(mm)
-3/2

 
λ  =  sub-grain size, µm. 

 
According to Eqn. 8, the contribution of the sub-grains to the yield strength is particularly sensitive to the 
sub-grain size when λ ? ? ?? ? ? ? ?? ? ? ? ?? ? ? ? ? ?5?µ? , as shown in Fig. F-11.  In this project the 
existence or not of substructures was determined when the dislocation density was measured.  
 

∆σ SG = k s ⋅ λm / 2 MPa( )........(8)
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DISLOCATIONS 
 
The dislocation density was measured using TEM analysis of thin foils, and the results are given in Table 
F-VI.   For the limited cases measured, the densities ranged from 0.63 to 5.60 were E+10/cm

2
.
 
 Arranged 

in terms of the high and low levels of the Finishing and Coiling Temperatures, the calculated means 
clearly indicate higher dislocation densities when coiled at the lower temperature.  Only with the high 
coiling temperature is there a suggestion of higher dislocation density at the higher finishing temperature. 
 
Although the shift in the grain boundary misorientation in Fig. F-10 does correspond in a general fashion 
to the trend in the measured dislocation densities in Table F-VI it should be noted that TEM analysis 
failed to reveal actual sub-grain structures for conditions 1212 and 1232.  

 
Strengthening Contribution from the Dislocations.    The contribution of the dislocation density to the 
LYP [11] can be expressed by:  

 
where 

α = 0.38 
b: Burger’s Vector, = 0.248 x 10-7cm 
G: Shear Modulus, = 8.3 x 10

4
 MPa. 

 
The measured dislocation density for the eleven CC(NB+V) hot-rolled samples in Table F-VI ranges 
from 0.63 to 5.60 E+10/cm

2
.  According to Eqn. 9, this corresponds to a range in LYP of 123 MPa as 

depicted in Fig. F-12.  
 
Role of Carbon.   In addition to being partially consumed in the formation of niobium and vanadium 
containing carbo-nitride precipitates, some carbon is retained in solution, as demonstrated by the 
discontinuous yielding.   An indicator of at least the presence of carbon in solution is the yield point 
elongation (YPE). 
 
As indicated in Fig 4, in the case of the CC(NB+V) hot-rolled steel the mean YPE is greater for the 
lowest level of the Finishing Temperature and  lesser for highest level. The same figure also shows that the 
variation of the YPE with coiling temperature is somewhat uncertain.  A better description of the complex 
YPE behavior can be obtained with the XYZ contour plot of Fig. F-13.  Here the YPE surface is shown as 
a function of the coiling and finishing temperatures.  Each of the eighteen data values used to construct 
the YPE surface was the average of two measurements for a given combination of finishing and coiling 
conditions.  
 
Emerging from Fig. F-13 is a picture of a YPE minimum for the processing conditions of wx31, i.e., FT = 
1000°C and CT = 550°C.   This fairly well defined minimum is not consistent with the observed 
formation of the Nb,V(C,N) precipitates, which would leave a minimum amount of carbon in solution for 
the processing condition wx31.  In fact, as shown in Fig. F-14,  it is difficult to correlate the YPE with the 
yield strength.   
 
The finding for the CC(NB+V) steel that YPE is greater for FT = 900°C was also the case for the 
experimental steels, as illustrated in Fig. 17.  
 

∆σ ⊥ = α ⋅ G ⋅ b ⋅ ρ0.5 = 7.82 ×10−4 ⋅ ρ0.5 MPa( )........(9)
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The difficulty with trying to use the YPE as an indicator of solute carbon content is that the YPE also 
varies with the dislocation density.  In an attempt to separate out the different contributions of carbon and 
dislocation to the YPE, the Uniform Strain was taken as an indicator of the initial dislocation density 
through its equivalence to the work hardening index “n”.   The limited amount of data available for the 
NB+V steel is plotted in Fig 25.  There is a suggestion here that the dislocation contribution to YPE 
increases with YPE, as expected, but in addition the dislocation contribution to the YPE  may be higher at 
the higher FT level of 1000°C. 
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Fig. 25.   An attempt to separate out the dislocation contribution to YPE using mean  
value data for all processing conditions of the  NB+V steel. 

 
TRANSFORMATION PRODUCTS 

 
Basic Transformation Behavior.  As a first step towards understanding the sensitivity of the phase 
formation to processing conditions, the results of a simple dilatometry experiment are presented in Table 
F-VII.  Included in the Table are transformation start and finish temperatures for the CC(NB), 
CC(NB+V) and CC(NB+TI) steels during constant-rate cooling from the annealing (soak) temperature of 
1200°C.  
 
The strong dependence of the transformation start and finish temperatures on cooling rate for the 
CC(NB+V) steel  is shown in Fig. 26.  At a cooling rate of 30 C/s the temperature range from the 0.05 
start to the 0.95 finish is about 130°C. 
   
In general the transformation start temperature is lowered by the addition of V or Ti, Fig. F-15.  The 
detailed behavior at a cooling rate of 10 C/s is shown in Table XIX, where the transformation 
temperatures have been obtained by interpolation along trendlines.   If these results can be transferred to 
the laboratory rolling experiments, the implication is that decomposition of the austenite begins but is not 
complete prior to transfer to the coiling-simulation furnace for a hold of one hour.2 

                                                 
2  A full account of the dilatometry study of the transformation behavior of the BASE, NB, and NB+V 
steels and the resulting microstructures is included in Ref. [12]. 
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Fig. 26.   Variation of transformation start and finish temperatures with cooling rate  

for CC(NB+V) steel cooled at constant rate from 1200°C without deformation.   
Horizontal line at 466°C indicates calculated Ms temperature.  

 
Table XIX.  Interpolated Transformation Temperatures at 10 C/s. 

 
 Transformation Temp., °C  

 

Steel 

Start Finish 

Range, °C 

 

 CC(NB) 642 445 197  

 CC(NB+V) 570 450 120  

 CC(NB+TI) 613 528 85  
 
 
Also included in Table F-VII are the phases present in the examined microstructure.  From the combined 
data in this Table, it is possible to construct an approximate CCT curves, as is done in Fig. F-16 for the 
continuously cooled CC(NB+V) steel. 
 
Transformation Behavior with Hot Rolling.   With the introduction of deformation and with more 
complex cooling paths than in the dilatometry experiment, the as-rolled microstructures of CC(NB+V) 
samples were found to range form simple mixtures of polygonal ferrite + pearlite to complex mixtures of 
polygonal ferrite + non-polygonal or ferrite + bainitic ferrite + grain boundary cementite.  The variation of 
these mixtures with processing conditions is shown in Fig. F-17.  In addition, an attempt was made to 
estimate the amount of each phase in the microstructural mixtures, although as discusses below, the 
distinction between polygonal and non-polygonal is often difficult.  The estimates of the volume fractions 
of the phase mixtures are given in Table F-VIII. 
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The results  in Fig. F-17  and Table F-VIII are in general  agreement  with the CCT diagram of Fig. F-16 
in that the formation of polygonal ferrite is favored by high coiling temperatures, and bainitic ferrite is 
favored by low coiling temperatures.  From hot-rolling results we see that finishing at a higher 
temperature favors the formation of bainitic ferrite and grain boundary carbide. 
 
Additional information about the influence of the processing on the mixture of decomposition phases is 
provided in Table F-IX for the simulated processing of the CC(NB+V) and CC(NB+TI) steels in the 
MTS machine.  As shown in this table, the formation of polygonal ferrite was again favored by coiling at 
the higher temperature, but only with a slow in-coil cooling rate (CCR) of 0.01C/s.  If the CCR is 
increased, then bainitic ferrite is introduced, as is the case if the coiling temperature is lowered.  
 
The hot-rolling experiment with the BASE, NB, and NB+V steels provided further support for the overall 
picture of the influence of processing on the phase mixtures, as shown in Table F-X. 
 
Differentiating Polygonal and Non-Polygonal Ferrite.  To this point the polygonal and non-polygonal 
forms of ferrite have been determined by optical examination.  An effort was undertaken to more 
rigorously distinguish the forms of ferrite, in addition to trying different etching techniques.  It was 
suggested that the ratio LYP/UTS might be a useful indicator of the state of the ferrite, being greater for 
polygonal ferrite than for the more dislocated non-polygonal ferrite.  A plot of LYP/UTS data as a 
function of the “estimated” amount of polygonal ferrite is presented in Fig. 27.   Although expecting 
LYP/UTS to increase with an increasing amount of polygonal ferrite, either there is no relationship of 
LYP/UTS with the nature of the ferrite, or the process of estimating volume fraction is unreliable.   
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Fig. 27.  An attempt to indirectly relate the dislocation density, via the work-hardening indicator 

LYP/UTS, with the amount of polygonal ferrite, for hot-rolled CC(NB+V) steel.  
 
Strengthening Contribution from the Ferrite Phases. The apparent increases in LYP with increasing 
amounts of polygonal ferrite, Fig. 28, suggest that either other strengthening factors are dominant, or 
again the estimation of amount of polygonal ferrite is unreliable.   In the same vein, a correlation of the 
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hardness with the amount of polygonal ferrite measured on the mid-plane of rolled sheet, Fig. F-18, 
resulted in an unexpected increase with increasing amount of polygonal ferrite. 
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Fig. 28.  Attempt to correlate the yield strength with the volume of polygonal ferrite.  

 
From the results of the present work, the possible contribution of bainitic ferrite can be examined.  By 
plotting the LYP as a function of the volume fraction of bainitic ferrite in Fig. F-19, we see that 
increasing the amount of bainitic ferrite from 5 to 50 pct has little effect on the bulk yield stress. 
 
The formation of large fractions of bainitic ferrite is interesting.  For the CC(NB+V) samples rolled under 
the conditions 2131, 2221, and 2231 the estimated volume fractions of bainitic ferrite are 28, 52, and 45 
percent respectively, whereas the same phase is almost absent for the conditions 11yz, 12yz, and wx1z.  
High FT and low CT are favoring the formation of the bainite as expected from the CCT diagram, but so 
are a high slab reheat temperature and roughing temperature.  This suggests that there may be a not-
unexpected influence of prior austenite grain size at play. 
 
Finally, a literature search resulted in only a single reference dealing with the strength of individual 
phases, and that reference dealt with the effect of pearlite on the Ultimate Tensile Strength [13]. 
 

UTS= 15.4 [ 19.1 + 1.8 (pct Mn) + 5.4 (pct Si) + 0.25 (pct Pearlite )] (MPa) .... (10) 
 

where <D> is the grain diameter in µm. 
 

Until it is possible to obtain a reliable measure of the volume fractions of the various forms of ferrite, it 
will not be possible to determine their sensitivity to processing conditions, and therefore their contribution 
to the variability of the yield strength.   
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PRECIPITATES 
 
Occurrence of Precipitation.  To search for evidence of precipitation in the hot-rolled samples of the 
CC(NB+V) steel, TEM analysis was used for precipitates larger than 2-4 nm and Atom Probe Ion Field 
Microscopy (AP-FIM) analysis was used to detect the presence of smaller particles or clusters.  In 
general, no fine precipitates were found by TEM in the hot-rolled samples. On the other hand, AP-FIM 
analysis of samples coiled at the high temperature condition of 650oC contained a large number of 
clusters measuring about 1-2 nm in diameter. By means of ion-by- ion evaporation with the AP-FIM 
equipment, the nature of the small particles was determined to be Nb,V(C,N). 
 
Samples coiled at the lower temperature of 550oC contained no precipitates or clusters. This pattern of 
fine precipitate formation is shown in Table XX.  
 

Table XX.  Occurrence of Fine Precipitates in Hot-Rolled CC(NB+V) as a  
Function of the Processing Conditions 

 
 Low FT Medium FT High FT 
 1211  No Precipitates  1131  No Precipitates.  

CT = 550oC 2111  No Precipitates  1231  No Precipitates 

   2131  No Precipitates. 
   2231  No Precipitates 

 2112      Precipitates 2122       Precipitates 1132       Precipitates 

CT = 650oC 2212      Precipitates  1232       Precipitates 

   2132       Precipitates 
 
The examination of the precipitation behavior was extended to other steels or processing conditions, as 
summarized in Table XXI.  
 
In the MTS experiment involving the CC(NB+V) steel it was possible to examine the dependence of 
cluster formation on cooling rate and coiling temperature.  Following finishing at 900°C, the compression 
samples were cooled at either 5 or 10 C/s to three levels of a coiling pause, followed by “coil” cooling at a 
rate 1, 0.1, or 0.01 C/s to room temperature.  The fine Nb,V(C,N) particles were only formed with the 
slower “spray cooling “ rate of 5 c/s, at the higher coiling temperature of 700 and 600°C, and with the 
slowest “coil” cooling rate of 0.01 C/s.  Moreover, the Nb,V(C,N) particles were coarser with the higher 
coiling pause at 700°C, as shown in Fig. 29, while at 600°C the fine particles are little more than atomic 
clusters.  As discussed later, the 1-2 nm diameter clusters formed at 600°C can be associated with a 
maximum in hardness. 
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Table XXI.  Precipitation Behavior in Addition to that of the Hot-Rolled CC(NB+V) Steel 
 
 

 Processing 
Condition 

Particle  
Size 

Type Comment 

CC(NB+V) 
MTS Expt. 

FT to CT: 5 C/s 
CT: 600°C 
CT to RT: 0.01 C/s 

Clusters,  
1 nm 

 

(Nb,V)C,N APFIM 

 CT = 700°C 3 nm (Nb,V)C,N TEM 

CC(NB+TI) 
MTS Expt. 

Formation in 
Austenite 

> 20 nm TiN and 
TiNb(C,N) 

These larger particles observed 
for all processing conditions. 
Identified by orientation. 

 8 nm TiNb(CN) 
Nb(CN) 

Small particles formed in 
ferrite and only observed for 
this single condition. 

 

Formation in Ferrite 
FT to CT: 5 C/s 
CT: 600°C 
CT to RT: 0.01 C/s    

Comm. 
70 ksi 

Hot Band 

Rolled at HSM. 
With FT = 900°C and 

CT = 650°C  

5 nm Nb(CN) Small MX type precipitates, 
around 5 nm in sizes, were 
observed along some of the 
dislocation lines and sub-grain 
boundaries. A few larger ones, 
20 nm in sizes, were also 
found on grain boundaries. 

NB+V 
Second 

MTS expt. 

FT: 900°C 
SCR: 27 C/s 
CT = 700°C 

  Small precipitates, less than 5 
nm in size, with 50-100 nm  
inter-particle spacing and B-N 
orientation with ferrite. Also 
larger TiN cubic particles, 
from 20 to 70 nm in size. 
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Fig. 29.  Size distribution for Nb,V(C,N) particles CC(NB+V) samples cooled through the transformation 
from austenite at 5 C/sec and from the coiling temperature to room temperature at 0.01 C/sec. 
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Fig. 30. The fastest and slowest of the thermal paths used in the MTS simulation following deformation at 
950 °C and a change in cooling rate at CT = 600°C. 

 
The sensitivity of fine Nb,V(C,N) precipitation to processing conditions can be explained in terms of the 
Precipitation-Time-Temperature diagram of Fig. 30.  The precipitation zone in this diagram will be 
missed if the spray cooling rate is fast and the coiling temperature is low.  On the other hand, if the coiling 
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temperature is too high the Nb,V(C,N) particles may be nucleated, but their growth will be relatively fast 
and their strengthening effect diminished.  
 
In the case of the Ti containing steels in Table XX, the precipitation of TiN particles takes place in 
austenite even if the bulk Ti content is only 80 ppm, as in the case of the NB+V steel.  These TiN 
particles are large, and therefore have little influence on the yield stress.  
 
Strengthening Contribution from the Precipitates.     The contribution of the ultra- fine precipitates to the 
yield strength [13] can be calculated according to the following equation  
 

 
where  

M =  Taylor Factor of 2.0 
K  = 0.81 
b = Burger’s Vector, = 0.248 x 10-7cm 

G = Shear Modulus, = 8.3 x 10
4
 MPa.  

 φ = Elastic coefficient for screw and edge dislocation 
1

2
1 +

1

1 − ν

 
 
 

 
 
  where υ is Poisson’s      

ratio with a value of  0.3 for iron, so that φ  =1.2. 
f   =  volume fraction of precipitates 
d = 2 ⋅ R' = 2 ⋅ 2 / 3 ⋅ R = 8 /3 ⋅ R  nm 
R  = particle radius 
 R’ = apparent particle radius considering the elastic strain around particles 

 
For precipitation strengthening of these steels we know that the mean diameter of the clusters is close to 1 
nm.  However, rigorous application of Eqn. 4 also requires a measurement of the volume fraction, but a 
reliable estimate of this quantity from AP-FIM analysis is difficult.  To circumvent this difficulty, the 
theoretical volume fraction of NbC and VC clusters were calculated according to the Nb and V contents. 
In this manner a maximum theoretical volume fraction close to the 1.1 x10

-3
 obtained by AP-FIM 

analysis was assumed for the low finishing-high coiling temperature conditions, and half of the maximum 
theoretical total volume fraction was assumed for the high finishing-high coiling conditions. 
 
 
 

∆σ ppt =
M ⋅ K ⋅ G ⋅ b

π ⋅ π
⋅ φ ⋅

f
d

⋅ ln(
d

2 ⋅ b
) MPa( )........(11)
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YIELD STRENGTH VARIABILITY, MICROSTRUCTURE, 
AND PROCESSING PATHS 

 
Objective : To estimate the contribution of the microstructural components 
to the variability of the yield strength, and to determine how the 
contributions may be affected by the processing conditions. 

 
Overall Yield Strength Variability.  For the four steels that were hot-rolled in the laboratory under various 
controlled conditions, we find that the overall variability is quite remarkable.  The ranges of the means of 
LYP for given processing conditions are presented in Fig. 31.   In this Figure the minimum Mean LYP of 
290 MPa for the BASE steel represents the Baseline for the strengthening of the HSLA steels.  With 
increasing microalloying additions, not only does the average LYP increase, but the range of the Mean 
LYP also increases for the same set of processing variables (Finishing temperature, spray cooling rate, 
and coiling temperature). The average LYP is considerably higher for the commercially cast CC(NB+V) 
steel, but the range is less than that of the NB+V steel.  This lesser variability for the CC(NB+V) steel 
may be related to the fact that spray cooling rate was not included in the four processing variables for that 
steel.  
 
A basic question regarding Fig. 31 is what determines the shift from the Baseline.  Is the shift all 
attributable to microalloying effects, or is the range of microstructures different for each steel? For 
example, consider the influence of grain size.  In Fig. 32 the LYP is presented as a function of the grain 
size in a Hall-Petch plot for the BASE, NB and NB+V steels.   Microalloying refines the grain size, 
thereby increasing the average LYP, but for a given steel the LYP values are not aligned parallel to the 
Hall-Petch line as would be the case if only grain size was influential.  Instead, there is scatter of the LYP 
values, indicating that other microstructural factors are influencing the yield stress. 
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Fig. 31.  The range of the measured LYP for the four hot-rolled steels, where  

the mean is for the three or four samples for each processing condition. 
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Fig. 32.  A Hall-Petch plot for the hot-rolled BASE, NB, and NB+V steels,  

with the LYP intercept set at 80 MPa and Ky = 16.2 MPa. mm
-1/2
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Fig. 33. Calculated ranges of potential contribution of individual microstructural factors  

corresponding to their measured range in hot-rolled CC(NB+V) steel samples. 
 
Contribution of Individual Microstructural Components.  The potential range of the contributions of 
different microstructural constituents is plotted in Fig. 33 for the CC(NB+V) steel, using the overall 
maximum and minimum values of  microstructural components for all processing conditions.   A 
comparison with the measured variability in Fig. 31 indicates that the total additive variability of 850 
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MPa in Fig. 33 is not even approached for any individual processing condition.  There are clearly 
counterbalancing effects at play; for a given processing condition the contribution of precipitation 
strengthening may be high, but the sub-grain and grain size contributions may be low. 
 
How the effects of microstructural variation may counterbalance each other is illustrated in Fig. 34, where 
the contributions of different factors are calculated for hot-rolled CC(NB+V) steel samples subjected to 
different processing paths.  For example, where precipitation is contributing at FT= 650°C (wxy2), the 
contribution from sub-grains is small.  And where the polygonal ferrite is predominant (wx12), the grain 
boundary contribution is high and the contribution from dislocations is small  
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Fig. 34.  Calculated contributions from microstructural components summed and compared  

to measured Mean LYP for different processing conditions of hot-rolled CC(NB+V) steel.  
 
The calculated values of the individual contributions are provided in Table F -XI and explained below.  
 
Peierls-Nabarro.   Following Morcinek et al [15] the value of the basic lattice strength was taken as 48 
MPa for all conditions.  
 
Solutes.   A contribution of 45 MPa for all conditions was obtained by substituting the Mn (1.30 wt. pct.) 
and Si  (0.02 wt. pct.) contents for the CC(NB+V) steel in Eqn. 12 [16].  
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∆σss = 32.5 ⋅ wt.pct.Mn( )+ 84.0 ⋅ wt.pct.Si( ) MPa( )  ...... (12) 
 
Possible contributions to solute strengthening from solute Nb and V were not accounted for. 
 
Dislocations.   The strengthening contribution of different dislocation densities was calculated directly 
from the measured values, using Eqn. 9. 
 
Sub-Grains.   In the present modeling a sub-grain size of 4.5 µm is assumed, and according to Eqn. 8 this 
corresponds to a strengthening contribution 148 MPa.   For a first order approximation, consider the 
EBSD angular distribution curves for the four extremes of Finishing and Coiling Temperatures in Fig. F-
10.  From the EBSD curves we obtain LAGB, and this can be related to the sub-grain contribution.  Thus 
100 pct of the maximum sub-grain contribution of 148 MPa was assigned to the wx31 conditions, 75 pct 
to the wx32 conditions, 50 pct to the wx11 conditions, and finally a 25 pct to the wx12 conditions.  
 
Grain Boundaries. The grain boundary strengthening contribution is calculated according to Eqn. 4. 
Clearly, this possible contribution can be significant, varying from a base contribution of 201 MPa for the 
condition 1132 to 307 MPa for condition 1211 (Table F-V).  However, it is assumed here that the Hall-
Petch relation is only appropriate for grain boundaries with a fairly large misorientation. Consequently, 
the grain boundary contributions can be adjusted taking into consideration the approximate LAGB 
fraction as obtained by EBSD analysis, with a large LAGB fraction being associated with a volume 
fraction of polygonal ferrite.  

a) With almost 100 pct volume fraction of polygonal ferrite phase for the wx12 conditions, 100 pct 
of the total possible contribution was used.  

b) A combination of low finishing and low coiling temperatures, wx11, and high finishing-high 
coiling temperatures, wx32, results in an increasing amount of non-polygonal and bainitic ferrite.  
In these cases 50 pct of the possible grain boundary strengthening was used. 

c) Finally, because the proportion of polygonal ferrite is small for the high finishing- low coiling 
temperature conditions, xy31, only a 25 pct of the possible grain boundary contribution was 
assumed.  

  
Note that for the grain boundary contribution in Table F-XI the mean equivalent grain diameter <D> is 
converted into the mean intercept length   l  according to the correlation in Fig. 24 and   l = 2/Sv. 

 
Precipitates.  For precipitation strengthening we know that the mean diameter of the clusters is close to 1 
nm.  However, rigorous application of Eqn. 11 also requires a measurement of the volume fraction, but a 
reliable estimate of this quantity from AP-FIM analysis is difficult.  To circumvent this difficulty, the 
theoretical volume fraction of NbC and VC clusters were calculated according to the Nb and V contents. 

In this manner a maximum theoretical volume fraction close to the 1.1 x10
-3

 obtained by AP-FIM 
analysis was assumed for the low finishing-high coiling temperature conditions, and half of the maximum 
theoretical total volume fraction was assumed for the high finishing-high coiling conditions. 
 
Phases.  Having concluded that for these processing conditions there is little effect of the bainitic ferrite 
phase, and given the small volume fraction of cementite and pearlite, the effect of phase variation  is not 
included in the current  modeling effort. 
 
Summary of Contribution Calculations.  The calculated contributions to the LYP of the hot-rolled 
CC(NB+V) samples in Fig. 34 are close to the measured Mean LYP only for the 2131 and 2232 
conditions.   For the remaining conditions involving CT = 550 C, the precipitate contribution is zero and 
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the LYP is underestimated in all cases.   At the higher coiling temperature level of 650°C the calculated 
contributions overestimate the LYP by as much as 146 MPa for (1212) and 141 MPa for (2212).  
To place the overestimates of LYP in perspective, the ranges of the contributions in Fig. 34 are given in 
Table XXII.   
 

Table XXII.  Range of Variable Contributions to the Calculated LYP of HR CC(NB+V) Steel 
 

Calculated Contribution to the LYP, MPa. Contributing 
Source Min. Max. Range 

Grain Boundaries 59 242 183 

Dislocations 62 185 123 

Sub-Grains 30 148 118 

Disls + Sub-Grains 92 333 241 

Precipitates 0 223 223 
 
The failure to more accurately predict the contributions of the different components, and eventually the 
variability, lies in the difficulty of properly characterizing the forms of ferrite.  For example, when the 
structure is mainly polygonal ferrite the grain boundary contribution is high, but the sub-grain and 
dislocation contribution is low.   The extent of this balancing of the contribution of the large angle grain 
boundaries with the contributions of the sub-grains and dislocations is indicated in Table XXI, where the 
range of precipitate contributions in Fig. 34  (223 MPa) is almost equal to the range of the total 
contributions of the dislocations and sub-grains (241 MPa in Table XXI).   
 
Modeling the LYP of Hot–Rolled BASE, NB, and NB+V.    Although the quantitative microstructural 
analysis of the hot-rolled BASE, NB and NB+V samples was not as extensive as for the CC(NB+V) 
samples, some insight may be gained by modeling the grain boundary contribution. 
 
First, the ranges of the calculated grain boundary contributions corresponding to the ranges of the grain 
diameters are given in Fig. 35.   With grain refinement, the contribution is higher for the microalloyed 
steels, and the range, or variability, is greatest for the NB+V steel.  The range of the grain boundary 
contribution for the CC(NB+V) steel is included in the Fig. 35, but for this steel the range is expanded to 
lower values because the contribution is adjusted according to the smaller portions of the polygonal ferrite 
in the CC(NB+V) samples.  
 
As seen in Fig. 35, the calculated grain boundary contribution to the LYP can be about 250 MPa.  By 
subtracting the GB, P-N and Solute contributions from the measured Mean LYP, we can get an estimate 
of the opportunity for the contributions of precipitates, dislocations, and sub-grains.   This has been done 
in Table XXIII and Fig. 36 for the extremes of the measured Mean LYP.  For example, for the BASE 
steel the minimum measured LYP is 290 MPa, but with a grain diameter of 12.3 µm the grain boundary 
contribution is 170 MPa   Adding the Peierls-Nabarro and solute contributions, the difference between 
measured and calculated LYP is only 27 MPa.  This close agreement is reasonable, given that for this 
steel and processing condition we would not expect any fine precipitates or significant strengthening by 
dislocation and sub-grain.   The larger differences between measured and calculated LYP for the 
remaining conditions and steels provide greater opportunities for the contributions precipitates, 
dislocations, and sub-grains, with the largest difference being 180 MPa for the NB+V steel.  
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Fig.  35. Ranges of all calculated GB contributions to LYP. Value of LYP  for CC(NB+V) 

samples was adjusted for portion of polygonal ferrite in the grain structure. 
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Fig. 36. Illustration of opportunities for dislocations, sub-grains, or precipitates to fill the gap  

between calculated and measured Mean LYP for the Base, NB, and NB+V steels 
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Table XXIII.  Calculated Contributions to LYP for BASE, NB, and NB+V  

Selected Conditions are those with Extremes of the Measured LYP. 
 

 BASE NB NB+V 

Processing Condition 213 222 213 122 213 122 

Equiv. Grain Diam. µm 12.31 8.59 6.76 4.98 7.52 5.93 

Grain Boundary  
Contrib., MPa. 

170 
 

208 237 281 224 255 
 

P-N & Solute  
Contrib., MPa 

93 93 93 93 93 93 

Calculated LYP, MPa. 263 301 330 374 317 340 

Measured Mean LYP, MPa. 290 355 402 468 416 528 

(Meas. – Calc.) LYP, MPa. 27 54 72 94 99 180 

Opportunity for Ppte, 
Disl and Sub-grain 

27 54 72 94 99 180 
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DISCUSSION AND RECOMMENDED GUIDELINES 
 

Central to an understanding of the variability of the yield strength of 70 ksi HSLA steels is an 
understanding of the microstructural behavior. 
 
Polygonal Ferrite.  The simplest microstructure obtained in these steel consists only of polygonal ferrite.  
In such structures the dislocation density is low, and the portion of large-angle grain boundaries (LAGB) 
is high. Consequently, the major contribution to the yield stress can be accounted for using the Hall-Petch 
relationship.  Among the various steels and processing conditions used in this project, we find that the 
lowest measured value of the yield stress LYP is 290 MPa for the experimental steel free of microalloying 
(BASE steel).  By varying the finishing temperature, spray cooling rate, and coiling temperature, the grain 
size of the BASE steel is refined and the LYP increases by 53 MPa. 
 
In the case of the microalloyed steels, the simple polygonal ferrite structure was produced by the 
uninterrupted cooling from 1200°C at a constant slow rate of 0.1C/s in the dilatometer, or finishing in the 
MTS machine at a high temperature, and then spray cooling at a relatively slow rate to a high coiling 
temperature [Compressed CC(NB+V) and NB+V].   The hardness measurements for the simple polygonal 
ferrite structures of microalloyed steels with mean grain diameters ranging from 9 to 66 µm are plotted as 
a function of the grain size in Fig. 37, with the overall trendline indicating an expected increase in 
hardness with decreasing grain size.  
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Fig. 37.  A “Hall-Petch” plot of the hardness of samples consisting primarily of polygonal  

ferrite. The grain size is represented by the mean intercept length “l”  
 
The occurrence of a predominantly polygonal ferrite structure is less frequent in the rolled sheet samples, 
but with these sheet samples we can measure LYP ins tead of only hardness. The LYP data collected in 
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Fig. 38 show that for hot-rolled sheet samples containing primarily polygonal ferrite the additions of Nb 
and Nb+ V increase the LYP by about 100 MPa for the same grain size.  Because fine precipitates are 
expected to be absent for these conditions, it is fair to assume that this is a solute hardening effect, 
possibly at the grain boundaries.  
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Fig. 38. Effect of microalloying on the yield stress of hot-rolled samples with  

primarily polygonal ferrite grain structures. 
 

In Fig. 38 there is a difference of about 100 MPa between the NB+V lab heat and the commercially cast 
material, even though the chemistry is similar. This suggests that although the grain boundary Sv may be 
similar, there are other factors in the polygonal structure that influence LYP.  What is worth noting here is 
that yield strengths in excess of the 480 MPa needed for a 70 ksi steel can be achieved with a 
predominantly polygonal ferrite grain structure.  

 
Conclusions:  
Ø In accord with the conceptual CCT diagram, a predominantly polygonal 

ferrite structure is favored by finishing at a temperature above the 
Recrystallization Stop Temperature, spay cooling at a slower rate, and 
coiling at a high coiling temperature. 

Ø At a given grain size, the polygonal ferrite phase is strengthened by 
the additions of Nb and V in the absence of precipitates. 

Ø The yield strength of polygonal ferrite in the commercially cast 
CC(NB+V) is greater than that of the laboratory melted steel, even 
though the chemistries are very similar. 
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Mixed Grain Structures of Different Ferrite Forms.  As described above, the simple polygonal ferrite 
structure in hot-rolled CC(NB+V) samples was only produced under a limited set of processing 
conditions.  A mixture of polygonal, non-polygonal, acicular ferrite and bainitic ferrite was more likely, 
with the most complex structures being favored by a low FT, fast SCR, and low CT.   
 
Until a method is established to quantitatively account for the amount and nature of the different phases in 
the complex mixtures, it will be difficult to predict with certainty the variability of the yield strength. 
What we have in the accumulative modeling of Fig. 34 is a preliminary guide.  Applying the Hall-Petch 
relationship to the admittedly approximate measures of the polygonal ferrite portion of the grain 
structures, we see that grain boundary strengthening can in some cases account for more than 40 percent 
of the calculated LYP, leaving a reduced fraction to be shared by contributions of irregular and low angle 
grain boundaries, sub-grains, and dislocations, in the absence of a contribution from precipitates. 
 
From the perspective of yield strength variability, the incidence of bainitic ferrite does not appear to be 
important.  The results in Fig. F-19 suggest that the introduction of bainitic ferrite itself has little effect on 
the variability of the yield strength.  The same is true for the small amounts of pearlite.  Where the most 
influential variability resides is in the mixed grain structures of the polygonal and non-polygonal or 
bainitic ferrite, and the fine precipitates. 
 
Precipitates and the LYP Maximum at 650°C.  The observation of fine precipitate formation for a fairly 
limited set of processing conditions is a useful step towards understanding the measured variability of the 
yield strength.  From the initial MTS cooling path experiment with the CC(NB+V) steel the hardness tests 
revealed a maximum in strength when finished at 950°C and slowly cooled from the coiling pause to 
room temperature.   This maximum coincided with the presence of Nb,V(C,N) clusters. 
 
The existence of an apparent strengthening peak at 650°C was confirmed by extending the examination of 
the cooling path to measurement of the LYP of the hot-rolled BASE, NB and NB+V steels. In this case 
the levels of finishing temperature were 900 and 1000°C, and the peak occurred after finishing at 1000°C.  
In Fig. 39 this effect of coiling temperature after finishing at 1000°C is compared to the results of similar 
processing of the CC(NB+V) steel in the first hot-rolling experiment (Conditions 1231 and 1232). It is 
reasonable to conclude that if a coiling temperature of 700°C had been used for the CC(NB+V) steel, a 
sharp drop in strength would have been observed and the measured variability of that steel would have 
been increased. 
 
A surprising feature in Fig. 39 is the existence of a 650°C maximum in LYP for the BASE steel. With NB 
and V contents less than 20 ppm each, and only 40 ppm Ti, a precipitate effect is not expected.  This 
raises the question of whether in the case of the microalloyed steels the precipitation strengthening due to 
fine clusters is imposed on some fundamental behavior that is exhibited more distinctly by the BASE steel 
 
To begin to explain the LYP maximum for the BASE steel, we may examine whether the drop in LYP at 
the highest temperature of 700°C is a grain size effect.  In Fig. 22 the grain size of the polygonal ferrite is 
seen to be greater when coiled at CT = 700°C.   According to Eqn. 4, the increase in mean grain diameter 
from 9.5 to 12.3 µm would account for a drop in LYP of 26 MPa.  This calculated decrease in the 
contribution of the grain boundary strengthening only accounts for about half the measured decrease in 
LYP of 58 MPa in Fig. 39.  For the other steels, there is a smaller increase in grain size when coiled at 
700°C than for the BASE steel, as shown in Fig 22.  Therefore for the microalloyed steels the grain 
boundary contribution to the drop in LYP at CT = 700°C in Fig. 39 is expected to be less. 
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Fig.  39. Influence of coiling temperature on LYP for a finishing temperature of 1000°C  

and slow cool from FT to CT.  The error bars are for 1-sigma. 
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Fig. 40. Comparison of the effect on LYP of coiling at 600 versus 650°C,  

for the different conditions of FT and SCR.  
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When coiled at the lowest temperature of 600°C the grain structure of the BASE steel consists mainly of 
polygonal ferrite.   But as shown in Fig. 40, the LYP is less than if coiled at 650°C, if the finishing 
temperature is at 1000°C.  For the microalloyed steels where the grain structure is a clear mix of 
polygonal and non-polygonal ferrite, the LYP is again lower after coiling at 600°C, even if the finishing 
temperature is 900°C.   
 
A possible explanation of the underlying behavior when coiled at 600 C could be that the fraction of large 
angle grain boundaries is less and therefore the contribution of these boundaries to the LYP is less. This 
explanation implies that the presumed the loss in grain boundary strengthening is not compensated for by 
having a larger portion of non-polygonal ferrite in the mixed grain structure.  
 
Returning to the issue of precipitation, the general Precipitation Diagram of Fig 30 could help in 
understanding in-coil variability.  If a portion of the wrapped coil cools too fast and the Precipitation Zone 
is avoided, the strength becomes virtually independent of the coiling temperature.  This behavior is 
illustrated by comparison of the slow coil cool behavior  in Fig. 7 and the fast coil cool behavior in Fig. 
F-20.  
 

Conclusion.  The peak level of the maximum in yield strength at 
intermediate coiling temperatures is probably enhanced by precipitation of 
N,Vb(C,N) clusters, but the maximum itself is possibly due to a weaker form 
of ferrite present when coiled at both higher and lower coiling temperatures, 
with the strength at 700°C being strongly dependent on the rate of spray 
cooling. 

 
Solutes.  The yield strength behavior of the hot-rolled BASE, NB, and NB+V steels is a good place to 
start a discussion of the influence of the solutes.  For example, in  Fig. 31 we see that the addition of Nb 
raises the Baseline-LYP at least 100 MPa over that for the BASE steel. This significant increase occurs 
even though strengthening precipitates are unlikely to be present for the “baseline” processing conditions, 
and with only a small increase in LYP attributable to the grain refinement of the NB steel.   
 
The addition of niobium does shift the onset of transformation to shorter times, as indicated by the 
increased presence of non-polygonal ferrite (Table F-X), but the Baseline-LYP is still only associated 
with polygonal ferrite.  As suggested above in the discussion of polygonal ferrite, there may be a 
strengthening effect due to the segregation of niobium to the grain boundaries. 
 
There is a slight increase of the Baseline-LYP (14 MPa) for the NB+V steel in Fig. 31.  However, 
although the introduction of vanadium results in an implied shift of the CCT diagram to shorter times 
(Table F-X), the increase of the ”baseline” is again still associated with a wholly polygonal ferrite micro-
structure that is presumably devoid of fine precipitate particles.  The addition of vanadium does increase 
the variability of LYP associated with the changes of FT, SCR, and CT in this hot-rolling experiment. 
 
It is remarkable that the Baseline-LYP for the Continuously Cast CC(NB+V) steel in Fig. 31 is a 
significant 77 MPa higher than that of the NB+V steel, even though the microalloying contents 
of the two steels are similar.  For a more specific comparison of the two steels, the mean LYP for 
two very similar processing routes is given in Table XXIV.  Here all the as-cast samples were 
reheated and roughed at the same temperature, and all coiled at 650°C.  The variables were 
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finishing temperature, 900 and 1000°C, and spray cooling rate for the NB+V steel. No other set 
of comparable processing conditions was available for the two steels.   
 
The comparison of the two steels in Table XXIII is presented graphically in Fig. 41.  Not only is 
the standard deviation  (1-S? ? ? ? ) greater for the CC(NB+V) steel, but the LYP values are also 
higher.  The larger sigma for the CC(NB+V) could be due to variation in the cooling pattern 
after finishing.   But the difference in averages for the two steels is 36 MPa. This difference is 
even doubled if we take into account the fact that the calculated grain boundary contribution is 
34 MPa less for the CC(NB+V) steel than for the laboratory NB+V steel.   
 
The higher levels of LYP for the CC(NB+V) steel may be due to the somewhat higher total 
microalloying addition of 880 ppm versus 810 ppm for the NB+V steel. But it seems more likely 
that other differences are at play, perhaps originating in the as-cast structure, and having a 
subtle but unknown influence on the nature of the ferritic microstructure. 

 
Table XXIV.  Comparison of Mean LYP for Comparable Processing 

of the Laboratory Cast NB+V and Commercially Cast CC(NB+V) 
 

  
RHT 

Deg. C 
RT 

Deg. C 
FT 

Deg. C 
SCR 
C/s 

CT 
Deg. C 

<LYP> * 
MPa. 

1-sigma 
MPa. 

Calc. GB 
d(LYP) 
MPa. 

 CC(NB+V)  

2112 1280 1050 900 8 650 547 37 232 

2132   1000 12  537 23 208 

     Mean = 542 Mean = 223 

 NB+V  

112 1280 1050 900 13 650 499 5 282 

122   900 16  501 13 261 

212   1000 16  528 10 263 

222     1000 (20)   495 4 222 

     Mean = 506 Mean = 257 
 

*  Mean of four tests for CC(NB+V) and three tests for NB+V. 
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Fig. 41. Comparison of LYP for the laboratory cast  NB+V and the commercially cast CC(NB+V)  

hot rolled under similar conditions with RHT = 1280°C, and CT = 650°C.  
 
From the scant information that can be gleaned from a comparison of the CC(NB+TI) and CC(NB+V) 
steels, the Nb+Ti combination appears to be barely more effective than Nb+V in shifting the CCT 
diagram to shorter times (Table F-VII and Table IX).  Nor is there any significant difference in the 
strength of two steels, at least as measured by hardness measurements of the continuously cooled samples 
recorded in Table D-I, although if adjusted for the grain boundary contribution, it may be that the Nb+V 
combination is actually stronger. 
 
The final solute to discuss is carbon.  The universal presence of a yield point elongation demonstrates that 
some carbon is always in solution.  It is possible that some of the solute carbon may be segregated to 
grain boundaries, possibly in association with solute niobium.  If so, the Hall-Petch coefficient Ky of 
Eqn. 4 could be increased by carbon, as suggested by the work of Wilson [17], causing an increase in the 
grain boundary contribution to the yield strength.   Such behavior, associated with a CCT diagram for 
carbon segregation to grain boundaries, could explain the BASE steel’s  LYP maximum with coiling 
temperature.  
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RECOMMENDED GUIDELINES FOR REDUCTION OF  
YIELD STRENGTH VARIABILITY 

 
The basic means of reducing yield strength variability is to keep the microstructure as simple as possible, 
and to adopt strengthening components that are least sensitive to changes in the processing path. 
 
A simple microstructure consisting only of polygonal ferrite can be strengthened by grain refinement, and 
by solute strengthening of grain matrices and possibly grain boundaries.  From the hot-rolling of the 
continuously cast CC(NB+V) steel we see that this type of structure will produce a minimum LYP level 
of about 490 MPa, which is close to the required 480 MPa  for the 70 ksi HSLA steel. 
 
The opportunities to produce the simple polygonal ferrite grain structures are limited, and use of a wider 
band of processing variables adds complexity to the grain structure by introducing non-polygonal and 
bainitic ferrite, etc.   
 
Finally, microalloying provides an additional opportunity to complicate the microstructure.  For example, 
niobium in solution increases the yield strength significantly, with beneficial effects on the form of the 
ferrite and perhaps the grain boundary strengthening. But an excess of niobium may complicate the 
microstructure by the introduction of the fine Nb,V(C,N) clusters over a fairly narrow set of processing 
conditions.  
 
Guidelines.   With the goal of  reducing the variability of the yie ld strength of the 70 ksi (483 MPa) 
HSLA steel, the following measures are recommended: 
 

1. Coil at 600 to 650°C (1110 to 1200°F) to reduce the sensitivity of LYP to changes in the finishing 
temperature and spray cooling rate.  Coiling at below 600°C decreases LYP and increases the 
variability (Figs. 3 and 12, and Fig. B-1 in Appendix B). 

 
2. To steer clear of a sensitivity of LYP to changes in finishing temperature and spray cooling rates,  

avoid coiling at 700°C (1290°F) At the high coiling temperature of 700°C the LYP is strongly 
dependent on the finishing temperature and spray cooling rate (Fig. 13), and a loss in strength 
 may be due in part to  grain growth of the polygonal ferrite. 

 
3. Maintain a constant slab reheating temperature.  The variability of LYP with reheat temperature is 

substantial (Fig. 2).   
 

4. The yield strength is not sensitive to the roughing temperature over the range 1050 to 1150°C. 
(1920 to 2100°F) (Fig. B-3.)  During roughing, solution of precipitates has already taken place 
during slab reheating, and reforming of precipitates has not begun.  Austenite grain size evolution 
is determined in large part by grain size produced by the slab reheat.  

 
5. Determine the efficacy of the microalloying additions.  Microalloying may be simplified if the 

separate roles role of Nb, V, and Ti in solute strengthening, modification of the austenite 
transformation to increase sub-grain and dislocation strengthening, and enhancement of grain 
boundary strengthening, etc., are better understood.    

 
================================== 
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