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ABSTRACT
Austenite grain-coarsening behavior and precipitate 

dispersions in continuous-cast and ingot-cast modified-HSLA- 

80 plate steels containing (in wt . pet.) nominally 0.008 Ti,

0.04 Nb, 0.05 Al, 0.04 C, and 0.006 N were examined. Slow- 

reheat-and-long-hold austenitizing (or soaking) treatments 

and rapid-reheat welding simulations were conducted with 

peak temperatures ranging from 900°C to 1400°C.

Additionally, welding simulations were conducted with heat 

inputs ranging from 1.5 to 8.0 MJ/m and hold times ranging 

from 1 to 60 seconds. Austenite grain coarsening behavior 

for soaking treatments and welding simulations were 

comparable for selected peak temperatures, and austenite 

grain size differences between the continuous-cast and 

ingot-cast steel plates were small to nonexistent. Lower 

and upper austenite-grain-coarsening temperatures were 

observed between 1050°C and 1125°C and between 1300°C and 

1350°C, respectively. Compared with previous studies, 

austenite grain sizes after high-temperature treatments were 

finer than those reported for niobium-only steels but 

coarser than for titanium-only steels. This result implies
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limited stability of austenite-grain-pinning precipitates 

within the microstructure.
Extensive analyses were conducted via scanning- 

transmission-electron microscopy to examine the nature and 

quantity of precipitates responsible for austenite grain 

pinning. The lower and upper austenite-grain-coarsening 

temperatures occur because of the solution of Nb(C,N) and/or 

AIN precipitates and the solution of Ti,Nb(C,N) 

precipitates, respectively. Precipitate sizes increased in 

the following order: continuous-cast steel, ingot-cast-edge

plate, ingot-cast-center plate, a result which correlates 

with a decreasing post-solidification cooling rate:

30°F/min, 15°F/min, and 4°F/min, respectively. Pure TiN

precipitates were not observed. Instead, chemically "cored" 

Ti,Nb(C,N) cuboidal precipitates were observed in all' steel 

plates. Well-developed shells of Nb(C,N) on cuboidal 

precipitates were not observed, but occasionally, Nb(C,N) 

precipitates formed appendages on these precipitates. These 

appendages dissolved at temperatures above 1050°C. The 

inferior austenite grain-coarsening behavior at high 

temperatures for the present steels compared with results 

from the literature is a result of the comparatively low
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stability of the Ti,Nb(C,N) precipitates versus TiN 

precipitates. Both low nitrogen levels and the presence of 
niobium appear to contribute to this instability.
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1. INTRODUCTION

1.1 HSLA Steels

The American Iron and Steel Institute defines high-
strength low-alloy (HSLA) steels as

"...a specific group of steels with chemical 
composition specially developed to impart higher 
mechanical properties values than are obtainable 
from conventional carbon steels. HSLA steel is 
generally produced with emphasis on mechanical 
properties requirements rather than to chemical 
composition limits. It is not considered to be 
alloy steel, even though the utilization of any 
intentionally added alloy content would 
technically qualify it as such." (1)

High-strength low-alloy (HSLA) steel plates were 

developed in response to the demand for strong, tough, 

weldable steels for many applications, including natural gas 

line pipe, shipbuilding, pressure vessels, and off-shore oil 

platforms (2,3). More recently, automotive uses are being 

examined (2,4) because of the reduced weight and lower fuel 

consumption associated with HSLA steels in comparison with 

conventional lower-strength steels.

Considerable research and development activity 

regarding HSLA steels and the relationship between 

structure, properties and processing has been discussed in
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numerous conference proceedings (5-14). HSLA steels provide 

good combinations of strength, toughness, and weldability, 
and are effectively used within the temperature range from 

-34 °C to 49°C (-29° to 120°F) (15,16). The addition of

limiting amounts of certain elements in steel and the 

control of grain size are the basis for obtaining the 

required combination of properties. For many applications, 

a good combination of strength and toughness is required, 

but issues of weldability must not be overlooked. Hence, 

alloy content and microalloy content must be examined 

carefully to realize high strength, good toughness, and good 

weldability.

1.1.1 Strength

The high strength of HSLA steels is well suited for 

many uses. For line pipe steels, HSLA grades have yield 

strengths up to 4 83 MPa (70ksi) in thicknesses up to 25 mm 

(1 inch) (4). HSLA plate steels can be produced in the as- 

hot-rolled condition with yield strengths in the range 290 

to 550 MPa and ultimate tensile strengths in the range 415 

to 700 MPa (2,17). Strengths in the heat-affected-zone's
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(HAZ's) of welds in HSLA steels are comparable to those of 

the base plate (17). The strengths for HSLA steels are 
described with a modified Hall-Petch equation (18):

<7 = <J0 + <7SSS + <JjSS + Gppr & dsl ^sub "t & sph kyd 2 Eqn. 1

where a is the total strength, o o (intrinsic matrix 

strength) and ky are constants, and the various sigma ( Ol) 

terms represent substitutional solid-solution strengthening 

(i=SSS), interstitial solid-solution strengthening (i=ISS), 

precipitation strengthening (i=PPT), dislocation 

strengthening (i=DSL), substructure strengthening (i=SUB), 

and second-phase strengthening (i=SPH), and d is the 

austenite grain size. Only the terms o o and o sss are 

independent of processing history (18). The remaining terms 

are strongly dependent on alloying additions, microalloying 

additions, heat treatment, and thermomechanical processing.

In low-carbon steels, significant alloying additions 

are necessary to increase strength (19). By adding elements 

such as manganese, molybdenum, chromium, and nickel, 

hardenability is enhanced, and strength is increased. These 

and other elements also provide solid-solution 

strengthening. Figure 1.1 (20) shows the increase in yield
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stress for various elements through the mechanism of solid- 
solution strengthening. Microalloying elements frequently 

increase strength through precipitation. Figure 1.2 

compares the experimental and theoretical strengthening due 

to precipitation of microalloying elements. Theoretical 

estimates are dependent on average precipitate size and the 

volume fraction. Additionally, copper can provide a 

significant amount of strengthening resulting from 

precipitation.

While the components of strengthening discussed above 

can be significant, the most important improvements in the 

strength of HSLA steels are produced by a fine-grained 

austenitic structure resulting from grain size control 

during hot rolling, heat treating, or welding of 

microalloyed steels (21). Figure 1.3 (22) shows a Hall- 

Petch relationship for low-carbon steels. This figure 

clearly shows that HSLA steels exhibit a significant 

strength increase resulting from grain size refinement 

compared to mild steels. An increase in strength by 

precipitation is also shown by AY. Grain size refinement 

in HSLA steels is typically obtained through the use of 

stable grain boundary precipitates. According to Pickering
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(23), static austenite grain boundaries facilitate solute 

segregation, which in turn leads to such beneficial effects 

as improved hardenability and retarded recrystallization.

Inhibition of austenite grain growth in HSLA steels is 

obtained with carbonitride precipitates of various 

microalloying elements, such as aluminum, niobium 

(columbium), vanadium, and titanium. Figure 1.4a (24) 

compares the austenite grain coarsening characteristics of 

steels containing various microalloying elements with a 

plain-carbon steel. Additionally, changing the amount of a 

single microalloying element can affect the grain coarsening 

behavior, as seen in Figure 1.4b (55). The use of 

microalloying elements for grain refinement in steels will 

be discussed further in Section 1.2.

1.1.2 Toughness

Toughness, the resistance to brittle failure, is 

important in structural applications and is described by the 

impact transition temperature, which is commonly measured by 

Charpy V-notch testing. The ductile-to-brittle impact 

transition temperature (ITT) is described by an equation 

similar to that described for Hall-Petch strengthening(18):
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ITT - T0 + &TSSS + &T1SS + &T pft + &Tdsl + &Tsph- k d  2 Eqn. 2

The subscripts describing ITT are the same as for strength. 

ITT is the impact transition temperature, Tc (initial 

temperature) and k are constants, and the various delta T

(ATi) terms represent the change in temperature due to 

substitutional solid-solution strengthening (i=SSS), 

interstitial solid-solution strengthening (i=ISS), 

precipitation strengthening (i=PPT), dislocation 

strengthening (i=DSL) , substructure strengthening (i=SUB), 

and second-phase strengthening (i=SPH), and d is the 

austenite grain size. Figure 1.5 (25) shows that most 

mechanisms for strengthening steel cause an increase in the 

ITT (i.e., decreased impact toughness). Toughness of a 

steel depends on several variables, including strength 

level, steel cleanliness, second-phase precipitates, and 

test-specimen orientation. It is generally agreed that the 

impact transition temperature can be lowered significantly 

by refining the ferritic grain size while concurrently 

increasing strength. Typically, fine ferrite grain size 

results from fine austenite grain size, which is readily
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produced with microalloying additions. Several of these 
features are summarized schematically in Figure 1.6 (18). 
Figure 1.7 (26) shows the dramatic improvements in strength

and impact toughness which are produced in an HSLA steel as 

compared with a plain-carbon steel.

1.1.3 Weldability

The first step in achieving good weldability in steel 

is to decrease the carbon content (3,15,16). A common, yet 

simplistic, method used in determining the weldability of 

steels is the Graville diagram, shown in Figure 1.8 (16).

This diagram indicates that a carbon content below 

approximately 0.10 weight percent will give an easily 

weldable steel. While carbon equivalent is a function of 

the alloying elements, it does not include the effects of 

austenite grain size or processing history. The 

conventional carbon equivalent equation from the Graville 

diagram for low carbon steels is:

„ „ Mn Cu +  Ni Cr + Mo + VCE = C + ---+ ------+ ----------  Eqn. 36 15 5



Im
p

ac
t 

E
n

er
g

y,
 

jo
u

le
s

T-4619 13

Ductile She# Energy 
Increased by Lower 
Strength. Lower C.

Shift to Lower 
Temps by Decreasing 

Strength or 
Refining 

Grain Size

cn

100
100% Shear 

Fracture 
Appearance5 75

cc so 50%  Shear Fracture 
Appearance 

Transition 
Temperature

TEST TEMPERATURE

Figure 1.6 Schematic curves showing important aspects of
the relationships between microstructure and 
CVN results (18).

200

2 5 0 19mm p la te , tran sverse

160200

H SLA Steel 
(Y S -  5 5 0 M P e )160

lOO
LU

Cl100 -

Carbon S teel 
(Y S -  2 6 0 M P e ) 6 0

5 0

5 0-100 - 5 0

Temperature, °C

Figure 1.7 Comparison of Charpy curves for plain-carbon
and HSLA plate steels (26).



Ca
rb

on
 

Co
nt

en
t 

%

T-4619 14

.40

.30 Zone 11 
Weldable Zone III 

D iffic u lt to Weld

M ild  Steel
.20

H Y -1 0 03 H IS H Y -8 0

.10

HSLA—80 H S L A -100Zone I 
Easily Welded

0
.20 .90.30 .40 .50 .60 .70 .80

l.l.W. Carbon Equivalent

^  A //7  Cu +  N i C r +  M o  +  VCA = C H---- 1--------1-----------6 15 5

Figure 1.8 Graville diagram showing the "weldability" of
various carbon steels (16).



T-4619 15

The carbon equivalent equations have since been modified 
through experimental testing, to give a more realistic 
analysis of weldability of carbon steels based on 

compositional factors. Yurioka et al.(27) have produced a 

more-detailed equation for carbon equivalent which is valid 

for low- and medium-carbon steels. Their equation also 

takes into account several microalloying elements :

where A(C) = 0.75 +  0.25tanh[20(C -  0.12)] .

Equations for carbon equivalent show that for improved 

weldability, carbon content should be as low as possible. 

Unfortunately as carbon is decreased, strength and 

hardenability are decreased. High hardenability is needed 

for the development of high-strength microconstituents in 

thick steel plates.

CE = C + A(C)x Si Mn Cu Ni Cr + Mo  + Nb +V—  + ---+ ---+ —  + -------------- b 5B
24 6 15 20 55

Eqn. 4
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1. 2 Grain Refinement

As seen in the section 1.1.1, improved strength in 

HSLA steels is achieved through grain refinement, 

precipitation, dislocation substructure, and solid-solution 

strengthening, (2). Strengthening via these mechanisms can 

result from microalloying, controlled rolling, and 

controlled cooling, utilized singly or in combination with 

each other. The most important method of achieving both 

improved strength and toughness is the use of microalloying 

elements for grain refinement.

Research is continuously being conducted to improve 

grain refinement in steels. A fine ferritic microstructure 

will result if the prior austenitic structure is also fine 

grained. Fine austenite grains require a stability of 

grain boundaries at the high temperatures used in heat 

treatments such as soaking and welding. The relationship 

between fine precipitates and grain boundary pinning has 

been established through extensive work by Gladman and 
others (28-30).
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1.2.1 Grain Boundary Pinning

The addition of microalloying elements causes the 

formation of stable carbide and nitride precipitates, which, 

when residing on austenite grain boundaries, can effectively 

decrease the amount of grain boundary area and therefore

increase the energy associated with boundary migration. In

order for grain boundary migration to occur around the 

particle, an increase in energy is required to overcome the

frictional drag caused by the particle (23). As shown in 

Figure 1.4, microalloying elements such as aluminum, 

niobium, vanadium, and titanium can prevent significant 

austenite grain coarsening at higher temperatures as 

compared with plain-C-Mn steels (31,32).

The ability of precipitates to be effective in grain 

boundary pinning is a function of several variables, 

including the size and volume fraction of the pinning 

particles, and the stability of the particles at the heat 

treatment temperatures of interest. A simple relationship 

for spherical austenite grains was first proposed by Zener 

(23), using the equation :
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Eqn. 5

where R is the average radius of matrix (austenite) grains, 

r is the radius of pinning particles, and f is the volume 

fraction of pinning particles. More-detailed models have 

been developed by others, the most common being that of 

Gladman (29). His equation, which is used to determine the 

critical radius of pinning particles, is :

where f is the volume fraction of precipitates, rc is the 

critical particle radius for grain-boundary pinning, R is 

the average matrix grain radius, and z is the grain size 

heterogeneity factor, or R/R0, which is between 0.2 and 2.0, 

as noted by Gladman et al. (29,33) .

This equation has since been modified by Hsu (34) to 

account for particle size distributions in steels :

Eqn. 6
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R  = - — ( - - - \  Eqn. 73a/V2 z.

where a is the boundary/partide interaction distance, 

taken as unity (34). Hsu's equation provides better 

agreement of calculated grain size using experimental 

particle distributions instead of average particle size.

From the above equations, it is seen that the smallest 

grain size results when the pinning particle radius, r, is 

minimized and the volume fraction, f, is maximized, since in 

these equations the austenite grain size, R, is proportional 

to r/f. Numerous investigators have used the above 

equations to determine optimum values for these variables. 

The volume fraction of TiN particles in a typical steel has 

been determined to be approximately 1CT4 by George and Irani 

(35) and Matsuda and Okamura (36), as well as Gladman (33). 

Gladman1s equation was used to determine a range of critical 

particle sizes for various values of the heterogeneity 

factor, z, to arrive at an austenite grain size of between 

10 and 20 |im. Figure 1.9 (33) shows the relationship 

between particle size and volume fraction, and their effect
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on grain size. Others have reported particle sizes below 
100 nm are sufficient to pin austenite grain boundaries; 
however, typically precipitates ranging from 10 to 50 nm 
(37-41) are found to be effective in maintaining austenite 
grain sizes less than 60 |im during hot rolling and in the 
heat-affected zone's (HAZ's) of welds.

In addition to size and volume fraction, the ability of 
a precipitate to pin grain boundaries depends on its ability 
to withstand the high temperatures associated with heat 
treatments. The equations above have no dependence on 
physical and chemical properties of the pinning 
precipitates. A  model by Gore et al. (42,43) shows the
relationship between grain size, volume fraction and 
particle radius, as well as the dependence of these 
variables on temperature and time at temperature. Equation 
7 shows this relationship:

t = 9Z
47trv:

Vi
J D o  exp

IciTfr1'
U T

1- dx
Eqn. 7

where v is the effective boundary velocity, Z is the ratio 
of the diameter of a growing grain to the average grain 
diameter, DG, c is a constant less than 1 based on flexible 
boundary motion, y is the specific grain boundary energy, r 
is the precipitate radius, x = D*/DG, where D* is the desired
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maximum grain size and DG is the Gladman grain size, t is 
time, T is temperature, and k is Boltzman's constant. As 
seen in Figure 1.10 (43), as the particle size decreases
below some critical value, the volume fraction necessary for 
grain boundary pinning actually increases. Additionally, as 
the temperature increases, the precipitate volume fraction 
necessary to produce a stable grain size increases.

Of all the cost-effective microalloying additions to 
steel, titanium has proven to be the most effective at grain 
boundary pinning. Numerous papers have been written 
analyzing the benefits of titanium additions to steel 
(23,28,29,31,33,39). In titanium-containing steels, 
austenite grain coarsening temperatures can be as high as 
approximately 1300°C, as seen in work by George et al.
(35,44) and Matsuda (36). This high temperature for grain 
coarsening is caused by the high dissolution temperature of 
titanium nitride, as shown in the solubility diagram of 
Figure 1.11 (31) and as seen by the numerous solubility
equations presented in Table 1.1. Interest in the use of 
titanium additions to suppress austenite grain coarsening in 
the HAZ's of welds and to improve the toughness of this zone 
has been explored by numerous researchers (18-22) . To 
quantitatively examine austenite grain coarsening within the 
HAZ, coarsening and/or dissolution of precipitates
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TABLE 1.1 Solubility Equations in the form = —  + B

Precipitate A B Concast Ts 
(«C)

Ingot Ts 
(°C)

Reference

TiN -15200 3. 90 1576 1576 69
-17040 6.40 1350 1350 31
-15790 5.40 1352 1352 31
-19740 6.75 1510 1510 72
-15020 3.82 1572 1572 72
-13850 4.01 1390 1390 73
- 8000 0.322 1451 1451 36

a -18420 6.40 1445 1445 31
NbN -12170 4.91 1156 1152 31

-10150 3.79 1099 1095 31
-10800 3.70 1205 1 2 0 0 72
-10230 4. 04 1064 1061 72

NbC.2 4N . 6 5 -10400 4.09 1160 1150 72
NbC.g3N . 1 4 - 9800 4 .46 1066 1043 72
Nb(C+12/14) - 6770 2.26 1083 1048 72
Nb (C+N) - 5860 1.54 1 1 0 1 1061 31
NbC - 2500 -0. 63 887 813 72

- 9290 4.37 1025 999 72
- 9100 3.70 1130 1099 72
- 7290 3. 04 978 948 31
- 7900 3.30 1025 995 31

NbC . 8 7 - 7020 2 . 81 1024 994 31
- 7520 3.11 1003 972 72

a - 9830 4.33 1109 1081 31
TiC - 7000 2.75 848 826 72

-10230 4 . 45 1015 995 72
- 9420 4 . 47 910 891 74
-10475 5.33 914 897 69

AIN a -11900 3.56 1422 1394 31
-12950 5.58 1160 1141 70
-12310 4.56 1262 1240 31
- 7400 1.95 1095 1066 72
- 6770 1. 03 1235 1196 72

a - 9800 2.71 1316 1285 31
- 5938 0.528 1217 1173 71
- 7500 1.48 1245 1 2 1 0 72
- 7750 1.80 1 2 0 0 1167 72
- 6180 0.725 1204 1163 72
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(primarily TiN) must be taken into account since very high 
temperatures are used, although heat-treatment times are 
very small. However, due to the comparatively high 
dissolution temperature of TiN, it is the only stable 
microalloy carbon!tride which can withstand the extreme 
temperatures attained in the HAZ, and thereby significantly 
reduce grain growth in this region.

1.2.2 Effect of Processing

The effectiveness of titanium nitride precipitates as a 
grain refiner depends on the amount and distribution of 
titanium nitride precipitated during the primary 
solidification process. A high volume fraction of fine 
particles of sizes less than approximately 50 nm is 
necessary for effective grain-boundary pinning 
(23,29,35,36,37,42). Fine TiN particles can form when the 
precipitation temperature is depressed below the liquidus 
and when the post-solidification cooling rate is rapid 
enough to allow precipitates to form, but not to coarsen.

Titanium nitride precipitation is necessary for 
austenite grain boundary pinning, but unless titanium 
contents are kept low, coarse particles will develop. It 
has been suggested that the titanium content in steel should
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be kept below 0.02 weight percent (23). Another study (45) 
suggested that titanium additions over 0.01 weight percent 
only serve to increase the amount of large TiN particles. 
Therefore, as little excess titanium as possible should 
remain in the austenite matrix so that titanium nitride 
precipitate coarsening will not occur during cooling.

The nitrogen content should be such that the titanium- 
to-nitrogen ratio is hypostoichiometrie (wt. pet Ti/ w t . 
pet. N < 3.42), as reported by Pickering (23). Recent work 
has shown that hypostoichiometric ratios may be beneficial 
in increasing the austenite grain-coarsening temperature 
(21), so that a finer austenitic grain size can be 
maintained to higher temperatures during processing.

In general, it is believed that the slow solidification 
rates and high degree of segregation encountered in 
conventional ingots precludes the efficient use of titanium 
for grain refinement in ingot processing (46). Continuous- 
east steels are cooled rapidly enough to depress the 
precipitation temperature and create the small particles 
needed to pin austenite grain boundaries effectively. 
Compared to a commercially produced ingot, a continuous-cast 
bloom should have a much larger volume fraction of finer 
precipitates. One study showed that the average diameter of 
precipitates in a continuous-cast material (220 mm square
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cross section) was 8 nm, while precipitates in a commercial- 
sized ingot were 62 nm (23). Also the resulting austenite 
grain-coarsening temperature was 200°C higher for the 
continuous-cast material than for the ingot-cast steel. In 
a study done by Sage and Cochrane (47), a comparison was 
made between continuous-cast heats (with different cooling 
rates) and lab-produced ingots with various volumes. Figure 
1.12 (47) shows the effect of the post-solidification
cooling rate (PSCR) on the TiN precipitate size. As the 
PSCR increases, the particle size decreases (47), with a 
corresponding decrease in austenite grain size.
Additionally, these authors showed that small ingots (200 kg 
or less) resulted in precipitates approximately the same 
size as those in a continuous-cast slab. Other studies also 
have indicated that small ingots (150 kg) may exhibit 
cooling rates similar to that for 22O-mm-thick continuous- 
east blooms, resulting in sufficiently small precipitates to 
prevent significant austenite grain-coarsening (21,23). 
Another concern regarding large commercial ingots is that 
extreme cooling gradients and partitioning of alloying 
elements can also produce variations in particle sizes, 
volume fractions, and grain-growth characteristics (46).
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1.3 Precipitate Detection and Characterization

In order for the relationships between precipitates and 
austenite grain size to be quantified, analyses of the 
precipitate sizes, volume fractions, and chemistries must be 
reliable and accurate. Traditionally, studies of fine 
second-phase particles have been done with transmission 
electron microscopy of thin foils or extraction replicas, 
which typically contain the precipitates which have been 
extracted onto a thin, amorphous carbon layer. Both methods 
have advantages and disadvantages, and the method to be 
used must be determined by the information required and the 
material being examined.

1.3.1 Thin Foils

The measurement of number and sizes of small second- 

phase particles by transmission electron microscopy with 

thin foils has been described by Hilliard (48), by Cahn and 

Nutting (49), and by Fuliman (50). There are a number of 

advantages gained from the use of thin foils. Very small 

precipitates can be detected and information is obtained 

concerning the shapes of the finest precipitates (51). 

Information can also be obtained concerning orientation 

relationships between precipitates and the matrix phase, and
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sites of precipitation can easily be identified (51). A 

quantitative estimate of volume fraction, fv, can be 

determined rather straightforwardly in foils with large 

amounts of thin area (51). The thin foil method is superior 

to the replica method when a substantial fraction of the 

particles have diameters of less than 10 nm and when the 

precipitate diameters are very much smaller than the foil 

thickness (52). This major difference is due to the low 

efficiency associated with extraction of the finest 

precipitates in the replica method.

Some disadvantages of thin foils include limited 

visibility and/or low contrast associated with fine 

precipitates in the matrix, except in the thinnest regions 

of the foil. Precipitates are less visible in bright-field 

TEM than in dark-field TEM; however, the long exposure times 

required for precipitate images in the dark-field mode can 

result in particle shapes and sizes which appear distorted 

due image drift. Additionally, only precipitates with a 

certain crystalline orientation will be visible in a 

conventional dark-field image. Poor contrast of 

precipitates can be a major problem, especially in a complex 

martensitic microstructure, because of the high dislocation
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density. Typically a very limited amount of thin area is 

present in any foil, and so a relatively small survey area 

is obtained. While the volume fraction can be determined, 

the foil thickness must be measured, and with large 

thickness gradients in thin foils, this measurement is not 

simple. Some overlap of precipitates may occur, and 

precipitates which intersect the foil surface may be 

sectioned (surface effects), making it difficult to measure 

the true distribution of precipitate sizes (48,52).

1.3.2 Carbon extraction replicas

The extraction replica technique is the most common 

method used for quantitative measurements of fine 

precipitates. The theoretical basis for this procedure was 

first developed by Ashby and Ebeling (52). Carbon 

extraction replicas are typically used for precipitate 

analyses and size distributions more than thin foils.

The largest advantage of extraction replicas compared 

to thin foils is that there is no interference from the 

matrix material. With the assumption that carbides, 

nitrides and other hard precipitates in a matrix are not 

attacked during sectioning, polishing and subsequent etching 

of the sample, a projected view of all the precipitates that
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intersect the sample plane will be seen on the extraction 

replica. Experimentally, replicas are generally simpler to 

prepare and evaluate. Accuracy is higher in the measurement 

of the particle sizes (52). Precipitates can be seen easily 

in bright-field TEM imaging, so no precipitates will be lost 

simply because of differences in crystallographic 

orientation.

The main disadvantage of carbon extraction replicas is 

that the extraction efficiency is not the same for 

precipitates of different sizes, shapes, and positions 

within in the matrix. The extraction depth must be 

approximately equal to the depth of the largest precipitate 

to ensure that all the precipitates can be transferred to 

the replica (53). A shallow etch will not allow the largest 

precipitates to be extracted, as shown in Figure 1.13a.

When there is a large variation in the particle sizes, and 

the etching depth is as deep as the largest particles, many 

of the finest precipitates will be lost, as shown in Figure 

1.13b. These figures clearly show the variability of 

extraction efficiency as a function of precipitate size. 

Regardless of the procedure, there will always be some
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Figure 1.13 Schematic diagrams showing the effect of etch
depth prior to deposition of carbon layer for 
extraction replicas. (a) Etch too 
shallow and larger particles will not be 
lifted, (b) Etch too deep and a large 
fraction of finest particles will be lost.
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precipitates which are not collected on the carbon 

extraction replica.
From Ashby and Ebeling (52), equations have been 

derived for estimating the number of precipitates per unit 

volume, Nv, number of precipitates per unit surface area,

Ns, and volume fraction, fv. Equations for the 
corresponding errors for these values are listed in their 

paper. Their model assumes spherical particles on an 

extraction replica. The extraction efficiency, in terms of 

capturing precipitates in the replica, can also be 

determined.

For the most common case of a log-normal distribution 

of precipitate size, the number of spherical precipitates,

Ng, of average diameter, x , intersecting a unit area of 

plane section (replica surface) , commonly known as the 

surface distribution, is related to the number per unit 

volume, Nv, by the equation:

where the average diameter, and the standard deviation, <J , 
are the geometric values (subscript Gl) determined from the

= -  In jcg1 + 0.5 In2 ctg1 Eqn. 8
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replica. This expression will be relatively accurate 
provided that In <JG] < 0.45.

From a histogram of precipitate diameter measurements, 
it is seen how the number of precipitates per unit surface 
area varies with precipitate size. From these data, the 
arithmetic mean and the standard deviation can be calculated 
directly, using care to avoid grouping error. If the 
precipitates follow a log-normal distribution, grouping 
errors usually are relatively small. For larger errors, a 
method is described by Wise (54), which can be applied to 
the Ashby-Ebeling model.

The volume of particles per unit volume of material, 
called the volume fraction, fv, has been defined by Ashby 
and Ebeling as:

/ v  = + ff2) Eqn. 9

Errors result in calculating the volume fraction when the 
values of average precipitate size and standard deviation 
are not precisely known. Additionally, the total number of 
precipitates intersecting a unit area is related to the 
number per unit area of the replica, and thus the volume 
fraction depends on the fraction of particles captured on
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the replica, which is a function of the extraction 
efficiency.

All of the calculations from Ashby and Ebeling require 
a knowledge of the relationship between the geometric and 
arithmetic means and standard deviations, described in the 
appendix of Ashby and Ebeling's paper (52).

1.4 Project Objectives

To simultaneously improve the strength, toughness, and 

weldability of a particular grade of HSLA steel is a 

particularly difficult task, although the industrial benefit 

could be significant. Therefore, the use of titanium in 

well-established grades of niobium-containing titanium-free 

steels is a worthwhile endeavor, since improvements in 

strength and toughness in HAZ's is expected. In the present 

study, the addition of 0.008 w t . pet. titanium to a niobium- 

containing modified-HSLA-8 0 steels was investigated for both 

ingot-cast and continuous-cast plate products. A low 

titanium level was chosen since this approach would preclude 

the formation of coarse TiN precipitates, which would be
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detrimental to an HSLA grade of steel with inherently high 

impact toughness. A key project objective was to 

investigate the influence of casting technique (and 

associated cooling rates) on the sizes and number densities 

of TiN precipitates, which play a dominant role in 

determining austenite grain sizes, and toughnesses of 

coarse-grained HAZ's. Therefore, to accomplish this study, 

two major response variable are identified as prior 

austenite grain size (after heat treatment) and precipitate 

size distributions within the steel. Additionally, only 

limited precipitate characterization has been conducted for 

steels containing both titanium and niobium. Hence, the 

present project will enhance our understanding of this 

aspect of these steels.
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2. EXPERIMENTAL PROCEDURE

2.1 Introduction

The present thesis involves a comparison of the 

austenite grain coarsening behavior of a modified-HSLA-8 0 

steel produced by two different processes, ingot casting and 

continuous casting. Additionally, precipitate formation and 

chemistries are examined and related to austenite grain 

coarsening behavior. This chapter describes the experimental 

techniques used for each part of the study.

2.2 Steel Compositions

The modified-HSLA-8 0 steels that were examined are low- 

carbon, commercially produced plates supplied by Bethlehem 

Steel Corporation. Table 2.1 shows the ladle compositions 

of the continuous-cast (CC) and ingot-cast (IC) steels.

Table 2.2 shows product compositions for the two steel 

plates. For the ingot-cast (IC) steel, specimens were taken 

from edge (ICE) and center (ICC) locations, and 

consistencies between the two sets of data for the product 

composition indicate a lack of extensive macrosegregation.
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As shown by these data, these modified-HSLA-80 steels 

possess very similar chemistries. The titanium and nitrogen 

contents of the two steels are equivalent, which is 

important since the focus of this study is on the formation 

of titanium nitride precipitates and their effect on 

austenite grain coarsening. The titanium-to-nitrogen ratio 

of 1.33 is well below the stoichiometric ratio of 3.42, 

which was discussed in Section 1.2.2, and should help 

prevent the formation of the large TiN precipitates in the 

melt. The variations in substitutional elements, such as 

molybdenum, manganese, and copper, are of a minimal concern 

since they should not influence TiN formation during casting 
and cooling from very high temperatures. The difference in 

molybdenum does have a profound influence on hardenability, 

which precludes a useful comparison of mechanical properties 

for the two steels. Other microalloying and interstitial 

elements in these steels (carbon, aluminum, and niobium) are 

approximately equivalent, which is important since they may 

form precipitates in association with the TiN precipitates.

The close match in chemistry between these steels provides 

an excellent basis for studying the influence of different
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casting techniques on TiN formation and austenite grain 

coarsening behavior.

2.3 Processing

The primary difference between the ingot-cast and the 

continuous-cast steels is the post-solidification cooling 

rate prior to hot-rolling. For a 37,OOO-kg (42-ton) 

commercial, bottom-poured ingot (dimensions approximately 

940 mm x 206 mm (37" X 81"))/ the post-solidification 

cooling rate over the range of about 2650°F to 2000°F varies 

from approximately 4°F/min. at the ingot center, to 

approximately 15°F/min. at the ingot edge (56). For an 8- 

inch-thick continuously cast slab, cooling rates over the 

same temperature range were approximately 550°F/min. at the 

surface (mid-width of the broad face) , to about 30°F/min. at 

the slab center (56).

Sections were taken from both steels as shown in Figure

2.1 and 2.2. A 190-mm-thick (7.5-inch) sample was cut from 

the continuous-cast slab at about one-third of the way 

through the bloom, between the quarter points, as indicated 

in Figure 2.1. In the ingot, a 10" (254 mm) section was 

taken immediately beneath the top discard, as



T-4619 43

LAB
SAMPLE

ROLLING..
iÏRECTION

10

7.5 50

7.5

Figure 2.1 Position of lab sample within 136, 000 kg
(150-ton) continuous-cast industrial product.
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Figure 2.2 Position of lab sample within 37,000 kg (42-
ton) ingot-cast industrial product.
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shown in Figure 2.2. From this primary section, two smaller 

sections were cut, one from the edge and one from the 

center.

These ingot-cast and the continuous-cast slab sections 

were then reheated to approximately 1260°C (2300°F) and 

rolled to 10 mm x 12.7 mm (4" x 5") slabs and cut into 12.5 

mm (5") lengths. These small pieces were reheated in a lab 

to 1260°C (2300°F) and hot-rolled using an 11-step reduction 

to a final thickness of approximately 25 mm (1 inch). A 

schematic processing diagram is shown in Figure 2.3. The 

hot rolling finishing temperature estimated to be 

approximately 1093°C (2000°F) , at which point the plates 

were allowed to air cool to room temperature. These plates 

were then shipped to the Colorado School of Mines for 

further treatment.

2.4 Heat Treatments

The supplied plates were sectioned at the Colorado 

School of Mines for various heat treatments. These heat 

treatments included a slow-reheat-and-long-hoId 

austenitizing treatment (analogous to slab reheating and
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soaking, hereafter called the soaking treatment) and a 

series of rapid-reheat welding simulations (hereafter called 

the welding simulations). The latter treatments utilized a 

Gleeble 1500 thermomechanical test system. Samples from 

each treatment above were further divided so that half were 

tempered for prior austenite grain size determination, and 

the other half remained as-quenched.

2.4.1 Sample Preparation

Two types of sample preparation were employed, 

depending on heat treatment. Figure 2.4 shows the location 

of heat-treatment specimens in the plate. For slow-reheat- 

and-long-hold austenitizing treatments, as well as 

observations of as-received material, specimens measuring 25 

x 25 x 6.25 mm (1" x 1" x 0.25") were cut near the 

centerline of as-received plates. After heat treatment, 

these samples were sectioned parallel to the longitudinal 

plane, and half of the sample was tempered while the other 

half was reserved for precipitate examination. For welding 

simulations, samples of standard unnotched Charpy geometry
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Figure 2.4 Schematic diagram showing sample locations
within plates of the ingot-cast and 
continuous-cast steels.
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(with a length modification) of 10 mm x 10 mm x 95 mm were 
adopted. This specimen geometry fits in standard Gleeble 

grips, and allows for the rapid removal of heat from the 

sample to achieve the desired cooling rates. This geometry 

is also beneficial over smaller and/or cylindrical 

geometries because it provides a large cross-sectional area 

for metallographic examination. Specifically, there is 

sufficient surface area in the cross-section to permit 

detailed austenite grain size measurements and to produce 

transmission-electron microscopy (TEM) thin foils and 

extraction replicas.

2.4.2 Soaking Treatments

Centerline specimens, cut as described above, were 

austenitized at temperatures from 900°C to 1275°C (1650°F to 

2325°F), at 75°C (165°F) intervals, for 1 hour, followed by 

water quenching. After this heat treatment, coupons were 

sectioned parallel to the longitudinal plane. One half was 

reserved for TEM thin foils and carbon extraction replicas. 

The other half was tempered at 450°C (840°F) for 72 hours to 

aid in the etching of prior austenite grain boundaries by 

the preferential migration of phosphorous to these
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boundaries. All observations from light microscopy and 

electron microscopy were taken from the longitudinal plane.

2.4.3 The Gleeble 1500

The Gleeble 1500 is a dynamic thermomechanical 

simulation and testing instrument capable of testing over a 

broad range of temperatures, strains, and strain rates. For 

this study, only thermal testing was conducted.

The Gleeble 1500 instrument can conduct programmed 

thermal treatments by electrical resistance heating (57). 

Test specimens are heated by passing an electrical current 

through the specimen, thereby allowing the material 

resistance to heat the sample uniformly. The current 

distribution through the sample is controlled by the jaws 

gripping the sample and by the sample geometry itself. If 

water-cooled jaws are used to grip the test samples, most of 

the heat at the end of the sample is extracted by thermal 

conduction to the jaws, establishing a steep axial thermal 

gradient across the free span (the length between the jaws) 

of the sample. The radial thermal gradient is not affected 

appreciably by rapid heating or cooling rates and is 

negligible (57).
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For this study, resistance heating is more advantageous 

than induction heating because it allows for uniform 

temperatures throughout the cross section of the sample to 

be maintained. Within the free span, thermal and mechanical 

histories are monitored, and accurate control of these 

variables is obtained. The free span for a typical geometry 

is shown in Figure 2.5. This region would experience 

heating cycles equivalent to the heat-affected zone (HAZ) of 

a plate being welded.

Desired cooling rates during a thermal cycle can be 

obtained with a combination of electrical resistance 

heating, axial conduction cooling, and appropriate sample 

geometry design, in order to maintain temperatures specified 

by the cooling or heating programs. Ultimately, the actual 

temperatures being monitored on the sample during the 

cooling cycle should precisely trace the program 

temperatures. Extensive work was conducted by Kloberdanz on 

the effects of sample geometry on cooling rates (58).

2.4.4 Welding Simulations

A series of welding simulations were conducted to 

examine the effect of ingot casting versus
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Figure 2.5 Gleeble specimen showing free span where heat
treatment temperatures were monitored (57).
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continuous casting on the austenite grain coarsening 
behavior of the steels. These thermal treatments were 

selected to simulate what would be considered to be both 

good and bad submerged-arc-welding cycles. Input for 

determining the variables in the cycles to be used was 

obtained from ASPPRC sponsors, the Center for Welding and 

Joining Research (CWJR) at the Colorado School of Mines, and 

from the document entitled "Recommended Practice for 

Preproduction Qualification for Steel Plates for Offshore 

Structures"(59). The variables examined were heat input, 

peak temperature, and hold times. Computer programs were 

compiled with data from the above sources with a model 

created by Johnson (60). The program utilizes the Rosenthal 

thick-plate solution. Assumptions for the program include 

low-hydrogen welding practices, and constant values for heat 

capacity, density, and thermal conductivity, as shown by 

Easterling (61).

2.4.4.1 Variation of Heat Input

The first series of heat treatments simulated a single

pass weld cycle, and various heat inputs were examined.

This series is analogous to the welding of steel plates of 

varying thickness. During welding, a peak temperature of

ARÏHUR LAKES UBHAHY
COLORADO SCHOOL OF MINE&
GOLDEN,CO 60401 -
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1350°C (2462°F) is attained very quickly. The high 

temperature is maintained locally for no more than one 

second, and then cooling occurs as the weld pass proceeds 

along the plate. The thicker the plate, the higher the heat 

input required to minimize the number of passes necessary 

for a successful weld (61). The heat inputs selected were 
1.5, 4.5, and 8.0 MJ/m, with a preheat or interpass

temperature of 150°C (302°F), as shown in
Figure 2.6. The corresponding times for cooling from 800°C 

to 500°C (Atg/s) values for the selected heat inputs are 

approximately 10, 20, and 35 seconds, respectively.

2.4.4.2 Variation of Hold Time

The second set of simulations utilized various hold 

times at a constant heat input of 1.5 MJ/m and a peak 

temperature of 1350°C (2462°F), as shown in Figure 2.7 

This heat input was selected because it is the most common 

heat input used for one-inch-thick steel plates. The hold 

times used were 1, 10, 30, and 60 seconds. The extended 

hold times are not typically seen in standard welds, due to 

the undesirable grain growth that occurs at such a high 

temperature. However, since a comparison of austenite grain
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Figure 2.6 Thermal cycles with various heat inputs.
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growth characteristics is being studied, these data provided 

useful insights regarding dissolution and coarsening of 
grain-boundary-pinning precipitates.

2.4.4.3 Variation of Peak Temperature

A third set of simulations involved varying the peak 

temperature, TP, while maintaining a constant heat input of

1.5 MJ/m and a constant hold time of 60 seconds. The 

thermal cycle for this simulation is shown in 

Figure 2.8. Again this heat input was selected because it 

is the most common heat input used for one-inch-thick steel 

plates. This extended hold time is an extremely poor case 

for a welding cycle. The peak temperatures selected were 

900 °C, 12 00 °C, 1250 °C, 1300°C, 1350°C, and 1400°C (1652°F,

2192 °F, 2282°F, 2372°F, 2462°F, and 2552°F) . The higher 

temperatures incorporate the range of dissolution 

temperatures for TiN particles, according to the numerous 

solubility equations in the literature (and see Table 1.1). 

Welding simulation specimens heated at 900°C and 1200°C 

provide overlap with data obtained from soaking treatments.
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2.4. 4. 4 Multi-pass simulation

A simulation was set up to model a typical double-pass 
weld cycle. The heat input was 1.5 MJ/m, with a preheat 

temperature of 150°C. The first peak temperature was 1350°C 

(2462°F) followed by a second pass up to 850°C (1562°F) .

Data for this heat treatment is presented in Appendix A.

2.5 Microstructural Characterization

2.5.1 Light Microscopy

Observations from the as-received plates and from both 

the soaking treatments and welding simulations were made on 

specimens prepared by standard metallographic techniques 

from the longitudinal plane of the steels. All light 

microscopy samples were initially ground to a 600 grit SiC

finish, cleaned with soapy water, rinsed, polished with 6 |im 

diamond paste, and final polished with 1 |im through 0.05 nm 

alumina in water prior to etching. Microstructures of the 

as-received steels were revealed by etching with 2% nital 

for 5 to 15 seconds. Observations were recorded with a 

Neophot light microscope.
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2.5.2 Prior Austenite Grain Size

Heat-treated-and-tempered samples were used for prior- 

austenite grain size determination. After a standard 

polishing sequence, specimens were etched with a fresh, hot 

solution containing 23 grams of saturated picric acid and 80 

grams of dodecylbenzenesulfonic acid (a wetting agent) in 

450 ml of distilled water. Specimens were immersed in the 

etchant with ultrasonic agitation for a period of 10 minutes 

while continuously swabbing the surface to remove the dark 

film which forms. Samples were then briefly back-polished

on 0.05 jxm alumina and returned to the picric acid solution 

for another 10 minute etch. Several cycles of etching and 

back-polishing were necessary, for lengths of time up to 60 

minutes, in order to obtain good prior-austenite-grain- 

boundary etching. Pitting was a substantial problem, 

especially on the continuous-cast steel, and any attempts to 

speed up the grain-boundary-etching process by the addition 

of hydrochloric acid only resulted in even more excessive 

pitting of the specimens.

Prior austenite grain structures were observed, and 

micrographs were taken with a Neophot light microscope. 

Average grain sizes were determined according to ASTM
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standard E112-88 with the single-circle (Hilliard) intercept 

method (62) from two samples at each heat treatment. A 
total of approximately 30 fields of view were necessary, 

except for the largest grain sizes, where 50 or more fields 

were used. Uncertainties were calculated with the standard 

deviation of the mean t-test, at a 95% confidence level 

(+2ct), as outlined in Hilliard (48). While uncertainties 

are believed to be artificially small, they do, however, 

indicate the general trends being observed. Ideally 

separate samples should be taken from various locations 

throughout the steel plates, heat treated, polished, and 

quantified individually.

2.6 Electron Microscopy

Scanning-electron microscopy (SEM), transmission- 

electron microscopy (TEM), scanning-transmission-electron 

microscopy (STEM), and energy-dispersive spectroscopy (EDS) 

were used to examine the particle dispersions, chemistries, 

and fine microstructural features.
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2.6.1 Scanning-Electron Microscopy

Scanning-electron microscopy was performed with a JEOL 

JXA 840 electron-probe microanalyzer with x-ray 

microanalysis capabilities on Charpy fracture surfaces. 

Specimens were heated to 100°C prior to Charpy testing to 

assure ductile fracture. Observations were made from the 

fracture surface of these specimens to examine the voids for 

the presence of precipitates which acted as void nucléation 

sites. Typically, the large precipitates and inclusions 

which may be seen on the SEM are not extracted for 

observation on replicas. The smaller voids may yield finer 
precipitates, such as AIN, which is soluble in hydrous 

solutions and very difficult to extract for observation in 

replicas.

2.6.2 Transmission-Electron Microscopy

Transmission-electron microscopy studies were conducted 

to examine the precipitates in the steels which may be 

responsible for austenite grain boundary pinning. These 

studies were conducted primarily with carbon-extraction 

replicas, which allow the observation of the precipitates
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without the interference of the matrix. Sample preparation 

steps are described below.
Carbon-extraction replicas were prepared from the 

longitudinal plane of untempered welding simulation 

specimens. Specimens were ground and polished as described 

for light microscopy, except that instead of alumina, only 

diamond polishing compounds were used. This technique was 

used because the steels contain aluminum, which may form 

AIN, which is of interest in austenite grain boundary 

pinning. Prior to etching, specimens were cleaned by 

ultrasonic agitation and then by applying and removing a 

plastic replica to remove any debris which may have remained 

on the surface. Specimens were etched in a 2% nital 

solution for various times. The length of time for etching 

was estimated based on the size of the largest precipitate 

in the matrix, rather than using a constant time for all 

steels (63). The ingot-cast-center specimen should have the 

largest precipitates due to the slow cooling rate, and, 

therefore, would be etched to a depth equal to the size of 

the largest precipitate anticipated. The continuous-cast 

steel should have the smallest precipitates, and would be 

etched to a shallower depth. Based on cooling rates alone.
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the size of the precipitates in specimens from the edge of 

the ingot should be between those in the ingot-cast-center 
and the continuous-cast specimens. Hence a question of 

extraction efficiency arises which was discussed in Chapter 

1. Additionally, it is difficult to measure the actual 

physical depth of an etched surface. The etching depths 

were based on visual observations from numerous trials of 

etching for various times. After observations of replicas 
from these trials, optimum times were determined for this 

study. The continuous-cast steel was etched for 15 seconds, 

the ingot-cast-edge steel was etched for 20 seconds, and the 

ingot-cast-center steel was etched for 30 seconds.

Specimens were cleaned again with a plastic replica prior to 
carbon coating in a Denton Vacuum DV-502 evaporator. Pre

sharpened carbon rods were used to allow for consistency in 

the coating thickness. The carbon layer was scribed into 

small squares to be etched from the surface of the steel.

The precipitates which intersected the surface of the steel 

and the replica film were released from the steel, but the 

precipitates remained attached to the replica surface.

Replica stripping (etching) is most commonly done with 

a nital (nitric acid and methanol) solution, although
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researchers have reported using perchloric/acetic (51,53), 

picric (64), and bromine solutions (65). Some researchers 
report dissolution of the matrix and filtering the "residue" 

of particles from solution for observation (67); however, no 

relationship between the austenite grain boundaries and 

particle position or particle spacing can be obtained from 

these techniques. It is frequently assumed that when no 
method is stated in a paper, a nital solution was used.

Two solutions, nital and bromine, were selected for use 

on the steels in this project. A consistent technique was 

utilized to allow for comparisons between solutions. 

Carbon-coated specimens were immersed in the lifting 
solution until the replicas began to release from the 

specimen surface. Specimens were then transferred to 

methanol to allow replicas to float off the surface.

Replicas were retrieved from the methanol solution with a 

gold grid and transferred to another methanol wash. A small 

amount of distilled water was added to the methanol to 

prevent the replicas from curling excessively. Replicas 

were collected on grids for microscopic evaluation.

Nital solutions, both 5% and 10% nitric acid in 

methanol, were used. Specimens were immersed for one
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minute, and replicas began to lift almost immediately. 

Specimens were transferred to the methanol, where the carbon 
replicas floated off immediately for collection. While 

these solutions were proficient at lifting the replicas from 

the surface of the steel, the precipitates of interest 

within the steel could not be distinguished easily from the 

significant number of copper precipitates which redeposited 

on the replica. Figure 2.9 shows examples of the extensive

e-copper precipitates on the replica. This type of 

redeposition has been seen previously by other researchers, 

as reported by Glenn (64) and Ricket (65,66). Glenn 

examined a steel containing 0.8 percent copper using both 

foils and replicas. In the foils, the copper precipitates 

were rod-like after aging treatments, but spherical 

particles were evident on replicas from specimens quenched 

from 925°C and 1100°C (64) . Since it was known that all 

copper was in solid solution after these latter treatments, 

Glenn concluded that the copper precipitates were artifacts 

precipitated during etching. During etching of Fe-Cu 

alloys, iron may reduce copper ions to metallic copper by 

the following reaction :

Fe + Cu++ -» Fe++ + Cu Eqn. 1.
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Figure 2.9 Representative TEM micrographs showing copper 
redeposition on carbon extraction replicas.
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Hence, copper can redeposit on the iron or replica specimen 
surfaces. Similar results were observed by Glenn in a Fe-Au 

alloy.
Another characteristic noted on the replicas produced 

with the nital solutions was that the titanium nitride 

precipitates tended to cluster, as seen in Figure 2.10a and 

b . These clusters make a size distribution relatively easy 

to arrive at, with fewer fields needed. However, clustering 

makes a determination of the average distance between 

precipitates impossible. Sizing these precipitates is 

difficult due to overlap, so an experimental value for 

volume fraction would be difficult to estimate. It is clear 

from the micrographs presented in Figure 2.10 that replicas 

produced in this manner do not show the particles in their 

true relative positions within the steel, making a correct 

determination of volume fraction and particle spacing 

impossible. A  form of clustering was also seen in a 

specimen which was "hurried along" by swirling the solution. 

Figure 2.10c shows that the precipitates tend to cluster 

along the line where the replica remained attached to the 

surface of the steel, until it finally lifted fully. This
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a 1 '

s:

Figure 2.10 Representative micrographs of clusters of
precipitates on carbon extraction replicas. 
(a) Ti,N b (C ,N ) from standard preparation 
method, and (b) evidence of a line of 
precipitates formed when replica was 
"swirled" in solution. 5% nital.
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feature is evidence that, no matter how slow the lifting 

process may be, it is inadvisable to hurry it along.
A second set of replicas were produced with a 5% 

bromine in methanol solution. This solution had to be used 

in a hood and kept in a bath of liquid nitrogen to prevent 

rapid evaporation. Specimens were immersed in the solution 

for three minutes, with no evidence of lifting of the carbon 

replicas at the end of that time. Specimens were then 

transferred to a dilute bromine solution (approximately 1% 

in methanol) for electrolytic lifting, using a d.c. power 

supply at 10 volts.

Replicas generated with the bromine solution tended to 

be much cleaner than nital replicas, as shown by Figure 

2.11, with no evidence of copper redeposition. Use of the 

bromine solution showed very little particle clustering, but 

many more fields of view were needed to generate precipitate 

size distributions.

2.7 Chemical Analyses and Particle Dispersions

Chemical analyses and phase identification of 

precipitates were determined with energy-dispersive 

spectroscopy (EDS) in the scanning-electron microscope and
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Figure 2.11 Representative micrograph of carbon-
extraction replica generated with a 5% 
bromine etchant.
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selected-area-diffraction patterns (SADP) and convergent- 

beam-electron-diffraction (CBED) patterns from transmission- 

electron microscopy and (EDS) in the scanning-transmission- 
electron microscope. Precipitates were examined and 

analyses performed at several magnifications to determine 

chemistries of precipitates of all sizes. The largest 

precipitates were identified in the SEM with EDS. No 

diffraction patterns were obtained with this method. Large 

particles on the carbon extraction replicas were identified 

by SADP or CBED, as well as EDS. The smallest precipitates 

were typically too small for diffraction pattern analysis 

and were identified on the STEM with EDS.

Particle dispersions were quantified in the form of 

histograms. Precipitates were measured at several 

magnifications, so a distribution would include all size 

ranges. Only precipitates containing the microalloying 

elements aluminum, niobium, and titanium were counted. 

Appendix B describes in detail the methodology used for 

particle sizing, counting, and histogram development.
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3. Results

3.1 As-Received Microstructure

The microstructure of the as-received plates 

(transverse, longitudinal, and rolling planes) are shown in 

Figure 3.1 through 3.3. In the continuous-cast steel 

(Figure 3.1), some dark-etching regions of pearlite are 

visible in the predominantly polygonal ferrite 
microstructure. For the ingot-cast steel (both center and 

edge) a nontraditional bainitic microstructure is evident, 

as shown in Figure 3.2 and 3.3. In these micrographs, the 

gray regions consist of plate-like crystals of acicular 

ferrite, small dark islands are believed to be martensite, 

and small white islands are expected to be retained 

austenite. The lack of strong directionality within the 

microstructures indicates that complete recrystallization of 

austenite occurred following hot rolling. The difference in 

microstructures is due primarily to the variation in 

molybdenum content between the continuous-cast (0.04 wt%) 

and the ingot-cast (0.20 wt%) plates (see Tables 2.1 and 

2.2). Specifically, molybdenum retards the formation of 

polygonal ferrite so that acicular ferrite or bainitic



Figure 3.1 Representative light micrographs of the 
continuous-cast steel plate in the as- 
received condition : (a) longitudinal plane,
(b) transverse plane, and (c) rolling 
plane. Nital etch.
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Figure 3.2 Representative light micrographs of the
ingot-cast-edge steel plate in the as- 
received condition: (a) longitudinal plane,
(b) transverse plane, and (c) rolling 
plane. Nital etch.
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Figure 3.3 Representative light micrographs of the
ingot-cast-center steel plate in the as- 
received condition : (a) longitudinal plane,
(b) transverse plane, and (c) rolling 
plane. Nital etch.
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microstructures form. This microstructural difference is 
reflected in the Vickers hardness numbers (VHN) determined 
from the longitudinal face of specimens from the as-received 

steel (and see in Appendix C). The average hardness for the 

continuous-cast steel is 184 VHN, while the values for the 

ingot-cast-edge and ingot-cast center plates are 228 VHN and 

215 VHN, respectively. These microstructural differences 

preclude a meaningful comparison of mechanical properties 

for the two casting processes.

3.2 Austenite Grain Growth Behavior

In this section, the austenite grain growth behaviors 

of the modified HSLA steels are reported. Two sets of heat 

treatments were conducted: slow-reheat-and-long-hold

austenitizing treatments and the rapid-reheat welding 

simulation heat treatments (hereafter referred to as soaking 

and welding treatments, respectively). Three starting 

conditions were examined: continuous-cast, ingot-cast-edge,

and ingot-cast-center. Because of the similarity of the 

results for these three conditions, only representative 

micrographs from ingot-cast-edge specimens will be shown.

The results for the ingot-cast-center and continuous-cast
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specimens are included in Appendices D and E, respectively. 

However, tables and plots of austenite grain size in this 
chapter include data from all three conditions.

3.2.1 Slow-Reheat-and-Long-Hold (Soaking) Treatments

Prior austenite grain sizes were determined from 

specimens austenitized for 1 hour at temperatures ranging 

from 900°C to 1275°C (approximately 1650°F to 2325°F) at 

75°C (165°F) intervals. Figure 3.4 shows representative 

micrographs of prior austenite grains from the ingot-cast- 

edge specimens.

Specimens from all steels austenitized at 900°C 

(1650°F) possessed austenite grains ranging from 15 to 20 

| i m ,  which are consistent with results reported in the 

literature (45,55). Additionally, all three steels show the 

same general austenite grain-coarsening behavior, as shown 

in Table 3.1 and Figure 3.5. Specifically, between 900°C 

and 1050°C, grain-coarsening is largely inhibited. Between 

1050°C and 1125°C, there is a notable increase in austenite 

grain size, consistent with the dissolution of particles 

which inhibit grain coarsening. This temperature
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Figure 3.4 Representative light micrographs of prior-
austenite grain boundaries for ingot-cast- 
edge specimens austenitized at soaking 
temperatures of (a) 900 °C, (b) 975°C,
and (c) 1050°C. Picric etch.
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Figure 3.4 Representative light micrographs of prior-
austenite grain boundaries for ingot-cast- 
edge specimens austenitized at soaking 
temperatures of (d) 1125°C, (e) 1200°C, and
(f) 1275°C. Picric etch.
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Table 3.1 Average Austenite Grain Sizes and 
Uncertainties

Temperature

(°C)

Average Grain Size (|am) + Uncertainty (2a)

ICE ICC CC
900 19.1 + 0.64 17.5 + 0.55 15.6 + 0.43
975 18.6 + 0.79 19.7 + 0.68 14.5 + 0.55

1050 22.7 + 1.02 27.7 + 1.57 25.1 + 0.86
1125 85.0 + 4.84 92.9 + 4.25 66.1 + 3.59
1200 114.6 + 6.33 106.1 + 3.99 73.8 + 4.43 |
1275 165.2 + 6.71 141.7 + 7.42 130.2 + 5.83 |

ICE - Ingot cast edge 
ICC - Ingot cast center 
CC - Continuous cast
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Figure 3.5 Prior austenite grain size as a function of 
austenitizing temperature for specimens heat 
treated for one hour and water quenched.
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range generally corresponds to the dissolution temperatures 
of NbC and AIN in steels, as has been shown by a number of 

researchers {39,57,58,59). Calculations based on the 

solubility equations in Table 1.1 are in agreement with this 

statement. Additionally, micrographs from Figure 3.4 for 

the heat treatment temperatures of 1125°C and 1200°C show 

some variability in the austenite grain sizes (also see 

Figures D.l and E.l). This feature suggests an abnormal 
grain coarsening phenomenon in which partial dissolution of 

grain-pinning precipitates is occurring.

3.2.2 Rapid-Reheat (Welding) Simulations

Representative micrographs for the rapid-reheat 

welding simulations for the ingot-cast-edge specimens are 

shown in Figure 3.6 through 3.8. Figure 3.6 shows 

micrographs of the prior austenite grain sizes for the 

welding simulations whereby the heat input was varied, and 

as heat input increases, austenite grain size increases. 

Figure 3.7 shows representative micrographs for the 

simulations in which hold time was varied. As the hold time 

increases, so does the average prior austenite grain size. 

Figure 3.8 shows representative prior austenite grain
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Figure 3.6 Representative micrographs of prior austenite
grain structures for ingot-cast-edge 
specimens subjected to thermal cycles with 
various heat inputs : (a) 1.5 MJ/m, (b) 4.5
MJ/m, and (c) 8.0 MJ/m. Picric etch.



Figure 3.7 Representative micrographs of prior austenite 
grain structures for ingot-cast-edge 
specimens which underwent thermal cycles with 
various hold times: (a) 0 s, (b) 10 s,
(c) 30 s, and (d) 60 s at 1350°C and 1.5
MJ/m. Picric etch.
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Figure 3.8 Representative micrographs of prior austenite
grain structures for ingot-cast-edge 
specimens which underwent thermal cycles with 
various peak temperatures : (a) 900°C,
(b) 1200°C, and (c) 1250°C at 1.5 MJ/m.
Picric etch.
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Figure 3.8 Representative micrographs of prior austenite 
grain structures for ingot-cast-edge 
specimens which underwent thermal cycles with 
various peak temperatures : (d) 1300 °C,
(e) 1350°C, and (f) 1400°C at 1.5 MJ/m.
Picric etch.
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structures for thermal cycles whereby peak temperature was 

varied. As peak temperature increased, the austenite grain 

size increased. These three trends involving heat input, 

hold time, and peak temperature are all expected since an 

increase in each of these variables provides more thermal 

energy for austenite grain growth.

In order to compare the differences in austenite grain 

size for the three different casting/cooling conditions, all 

grain size data is summarized in Tables 3.2 to 3.4. These 

data show little difference between average grain sizes for 

the ingot-cast and the continuous-cast steels.

Relationships between these three heat-treatment variables 

(heat input, hold time, and peak temperature) and austenite 
grain size for all three steel plates are shown in Figure 

3.9 through 3.11. Figure 3.9 shows the effect of heat input 

on the austenite grain size. As expected, the rapid heating 

and cooling rates associated with a low heat input result in 

a small austenite grain size. Figure 3.10 shows the 

relationship between austenite grain size and hold time for 

all of the steels. As the hold time is increased, 

precipitates within the microstructure have more time to 

coarsen or go back into solution, depending on the
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Table 3.2 Average Austenite Grain Size for Various Heat
Inputs.

HEAT INPUT FOR 
Tr»1350°C AND 
HOLD TIME * 1 

SECOND

AVERAGE GRAIN SIZE, L3, (pm) + UNCERTAINTY (20)

ICE ICC CC
1.5 MJ/m 71.5 + 6.8 85.1 + 5.1 60.3 + 4.5
4.5 MJ/m 90.4 + 5.5 79.1 + 5.8 80.0 + 5.4
8.0 MJ/m 103.7 + 6.2 101.5 + 5.9 110.0 + 6.4

Table 3.3 Average Austenite Grain Size for Various Hold
Times.

HOLD TIME FOR 
Tf*1350°C AND 

HEAT INPUT * 1.5 
MJ/m

AVERAGE GRAIN SIZE, L3, (pm) + UNCERTAINTY (20)

ICE ICC CC
1 sec 71.5 + 6.8 85.1 + 5.1 60.3 + 4.5

10 sec 96.3 + 8.4 97.4 + 7.5 96.8 + 6.8
30 sec 174.6 + 14.7 240.7 + 21.3 208.7 + 1 8 . 1
60 sec 478.7 + 31.9 543.5 + 35.6 424.4 + 29.9
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Table 3.4 Average Austenite Grain Size for Various Peak
Temperatures.

PEAK TEMPERATURE 
FOR HEAT INPUT * 

1.5 MJ/m AND 
HOLD TIME * 60 

SECONDS

AVERAGE GRAIN SIZE, L3, (pm) + UNCERTAINTY (2a)

ICE ICC CC
900°C 24.6 + 1.2 25.1 + 1.0 19.5 + 0.7

1200°C 110.3 + 5.3 113.9 + 5.8 99.5 + 4 . 8
1250 °C 98.9 + 7.8 103.8 + 7.9 116.5 + 6.9
1300 °C 143.0 + 9.8 145.7 + 10. 3 117.0 + 8.7
1350 °C 478.7 + 31.9 543.5 + 35. 6 424.4 + 29. 9
1400°C 512.6 + 45.5 525.1 + 52.4 468.2 + 43.1
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Figure 3.9 Relationship between austenite grain size
and heat input for all steels in this study. 
Peak temperature = 1350°C and hold time = 1 
second.
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Figure 3.10 Relationship between austenite grain size and
hold time at 1350°C for all steels in this 
study. Heat input = 1.5 MJ/m.
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Figure 3.11 Relationship between austenite grain size and
peak temperature for all steels in this 
study.
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chemistry, and the austenite grain size increases. The 
temperature (1350°C) associated with the data in Figure 3.10 

is in the predicted dissolution range of TiN, so as time 

increases, more TiN should be dissolving, and grain 

coarsening is more pronounced. Any microalloying 

carbonitrides with solubility temperatures lower than 1350°C 

would have already dissolved during heating. Figure 3.11 

shows the relationship between the peak temperature and 

austenite grain size. This plot shows a region of 

precipitate dissolution which is manifested by a dramatic 

change in austenite grain-coarsening behavior. The grain 

coarsening temperature range in Figure 3.11 corresponds to 

the temperature range where TiN would be expected to go into 

solution. If the other carbonitride precipitates have 

already dissolved, the loss of the TiN at the higher heat- 

treatment temperatures would leave no precipitates to be 

utilized for any grain boundary pinning benefits.

3.2.3_____ Heat Treatment Summary

When data from both the soaking treatments and the 

welding simulations are combined, as shown in Figure 3.12,
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Figure 3.12 Composite plot of prior austenite grain size
as a function of temperature. Data from both 
the soaking treatments and the welding 
simulations are included.
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two austenite grain coarsening temperatures are observed.
The lower temperature (between 1050°C and 1125°C) is 

associated with a modest increase in austenite grain size

(approximately 50 *im), while the upper temperature (between 

1300°C and 1350°C) is associated with a substantial grain 

size increase (about 300 (im). Several factors, individually 

or collectively, may contribute to the multiple grain- 

coarsening regions, including (1) an insufficient volume 

fraction of sufficiently fine pinning precipitates, (2) the 

presence of fine precipitates which are not stable at 

temperatures above 1050°C, and/or (3) the complex chemistry 

of the precipitates present in the steels (e.g., 
precipitates containing substantial amounts of more than one 

microalloying element), a factor which could influence their 

solubility and thus grain pinning ability.

3.3 Precipitate Characterization

In order to examine the austenite grain-coarsening 

temperatures shown in Figure 3.12, the precipitates which 

may be responsible for grain-boundary pinning and unpinning 

must be identified. Precipitate identification and
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characterization was done with the instruments and 

techniques described in the preceding chapter. The 
specimens examined underwent the 900°C welding simulation. 

This heat treatment temperature is low enough such that 

little or no coarsening or dissolution of precipitates 

should occur. Hence, identification of the precipitates 

responsible for the grain-boundary (or lack of) pinning 

should be possible. Additionally, the cooling rate after 

this heat treatment is sufficiently rapid to produce 

martensitic microstructures in all of the specimens, 

irrespective of molybdenum content, which results in 

consistent extraction efficiency for carbon replicas. 

Therefore, valid quantitative comparisons of precipitate 

dispersions for all three steel plates are possible.

TEM images of precipitates were recorded on plate film, 

while scanning images were recorded on Polaroid film. 

Chemical compositions of precipitates were collected via EDS 

for varying collection times, depending on the size of the 

precipitate. Selected-area-diffraction patterns were 

obtained on large precipitates, and where possible, 

convergent-beam-electron-diffraction patterns were obtained 

from small precipitates. The following sections present the
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analyses of the different types of precipitates observed and 

recorded in a catalogue form, followed by an analysis of the 

total precipitate content of the steel.

3.3.1 Titanium-Containing Precipitates

Examination of the replicas from specimens subjected to 
the welding simulation at 900°C revealed precipitates with a 

classical cuboidal morphology commonly associated with 

titanium nitride precipitates. Titanium nitride 

precipitates always were cuboidal in nature, and other 

morphologies of titanium nitride were not observed. Figure 

3.13 shows a typical TiN precipitate, with its corresponding 

electron diffraction pattern, and the EDS spectrum obtained 

from the precipitate. Of note on the spectrum is the 

presence of a small amount of niobium. This observation was 

consistent for all of the titanium nitride precipitates 

observed in all of the specimens, and no examples of pure 

titanium nitride precipitates were found. In some cases, 

the niobium appeared as a secondary growth on the TiN 

precipitate, but often there was no obvious secondary 

precipitate, indicating that the niobium may have
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R a n g e  ( X 1 0 1k e V )
Figure 3.13 Typical cuboidal Ti,N b (C,N ) precipitate, with

secondary precipitates and surrounded by fine 
niobium precipitates. TEM image (bromine 
replica), electron diffraction pattern, and 
EDS spectrum.
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coprecipitated with the titanium-rich precipitate as a 
substitutional element, forming Ti,Nb(C,N).

Additionally, these titanium-niobium precipitates were 

often adorned with secondary precipitates containing other 

elements (e.g., MnS). Based on solubility calculations, 

Ti,Nb(C,N) precipitates form at very high temperatures which 

allows them to serve as nucléation sites for other 

precipitates during subsequent heat treatment or cooling 
steps. In the specimens from the 900°C welding simulation, 

secondary, or coprecipitates were observed on approximately 

90% of the Ti,Nb(C,N) precipitates. The number of secondary 

precipitates decreased as the heat treatment temperature 

increased, since the secondary precipitates were dissolved. 

In the specimens examined, two types of secondary 

precipitates were typically observed. The first type was 

niobium carbide growths on corners, or as plates extending 

from the cube, as shown in Figures 3.14a and 3.14b. A 

second type of coprecipitate was manganese sulfide. These 

precipitates usually appeared as rounded growths on the 

cuboidal corners, as shown in Figure 3.15a, but sometimes 

did extend along a side, as seen in Figure 3.15b.
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Figure 3.14 Secondary precipitates of niobium carbide
(a) on corners, and (b) as plates extending 
from all sides on Ti,M b (C,N ) precipitates. 
TEM images (bromine replica).
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Figure 3.15 Secondary precipitates of manganese sulfide
(a) on corners, and (b) on sides of 
Ti,N b (C,N ) precipitates. TEM images (bromine 
replica).
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Frequently, complex combinations of these precipitates 

occurred, as shown in Figure 3.16.
The Ti,Nb(C,N) precipitates ranged in size from 

approximately 10-20 nm, which could be beneficial in grain 

boundary pinning, to several hundred nanometers, which 

probably formed in the melt and are ineffective at grain 

boundary pinning. The size of the precipitates varies 

depending on the specimens examined. The smaller 

precipitates tended to be in the continuous-cast steel, 

while the larger precipitates were in the ingot-cast center 

steel. These sizes correspond to the cooling rates 

associated with the processes of the different steels. The 

ingot-cast-edge steel showed a broader range in the size of 

the Ti,Nb(C,N) precipitates. The small precipitates could 

have formed during the rather rapid cooling, while the 

larger precipitates were the result of coarsening due to the 

continued heat transfer from the center of the ingot. There 

did not appear to be a preferential location for these 

precipitates within the microstructure. Specifically, they 

appeared with equal frequency near austenite grain 

boundaries and within the austenite grains themselves.
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Figure 3.16 Complex titanium-containing precipitates with
various secondary precipitates. TEM images 
(bromine replica).
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Another type of titanium-containing precipitate was 
determined to be titanium oxide. Figure 3.17 shows an image 
of such a precipitate and the corresponding EDS spectra.

This precipitate has a very low solubility temperature, and 

would typically not withstand a heat treatment to 900°C.

Ti02 was rarely observed, and only in the ingot-cast-edge 

specimens.

3.3.2 Niobium-Containing Precipitates

In addition to being contained in or on the Ti,N b (C,N) 

cuboidal precipitates as discussed above, niobium was also 

observed in the form of isolated titanium-free precipitates 

with various morphologies. The most common form of niobium- 

containing precipitate was very small spheres less than 10 

nm in diameter. This type of precipitate was observed in 

large quantities at both austenite grain boundaries and 

within austenite grains. Figure 3.18 shows these 

precipitates and the corresponding EDS spectrum. Niobium 

was also observed as rod-shaped precipitates, as shown in 

Figure 3.19a, and as flat, plate-like precipitates, 

typically with very odd shapes, as shown in Figure 3.19b. 

These particle morphologies are similar to the secondary
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Figure 3.17 Titanium oxide precipitate. TEM image and
EDS spectrum.
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Figure 3.18 Large number of fine niobium carbide
precipitates. EDS spectrum is of indicated 
precipitate. TEM image (bromine replica).
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Figure 3.19 Different morphologies of niobium carbide
precipitates : (a) rod shaped, and (b) plate
like shapes. TEM images (bromine replica).
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precipitates on Ti,Nb(C,)N shown previously, but with no 

apparent host to act as a nucléation site.

3.3.3 Aluminum-Containing Precipitates

Two types of aluminum-containing precipitates were 

observed. The first aluminum containing precipitate 
observed was aluminum nitride. With the excess nitrogen 

available after Ti,Nb(C,N) formation, and because of the 

high affinity of aluminum for nitrogen, a substantial amount 

of aluminum nitride should be expected. Wilson and 

G1adman's comprehensive review (83) describes many 

morphologies of aluminum nitride precipitates. Extensive 

examinations of the replicas from the present steels 

revealed very little aluminum nitride, quite possibly due to 

the fact that it is soluble in hydrous solutions, so any 

replication technique will likely dissolve it. Some 

evidence, however, was found of the hexagonal, plate-like 

form of aluminum nitride. No other morphologies were 

observed in the carbon-extraction replicas. A large plate 

of multiple layers of AIN was identified by EDS spectrum, as 

shown in Figure 3.20. An electron diffraction pattern was 

obtained because of the thickness of the plate. More
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Fiaure 3.20 Plate-like aluminum nitride precipitate. TEM
image (bromine replica), electron diffraction 
pattern, and EDS spectrum.
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typically, the plates, or sheets were quite thin 
(approximately 10 nm), translucent, and difficult to see in 

the transmission electron microscope. The thin nature of 

these precipitates makes obtaining an EDS spectrum or a 

diffraction pattern very difficult. Lower accelerating 

voltages were used to increase the probability of producing 

x-rays from the nitrogen atoms within AIN: however, this 

change also increased the probability of producing x-rays 
from carbon atoms from the carbon extraction replica.

Hence, the carbon x-ray peak overwhelmed the adjacent 

nitrogen x-ray peak, especially for long collection times. 

This problem was somewhat alleviated by the use of a larger 

tilt angle to increase the interaction volume of the beam 

with the AIN precipitates. This method, however, resulted 

in a larger contamination area, and if a useable spectrum 

was not obtained on the first try, it could not be repeated 

on the same precipitate. Figure 3.21 shows an image of an 

aluminum nitride precipitate, and EDS spectrum obtained in 

this way. The precipitate was too thin to get a diffraction 

pattern.

These plate-like aluminum nitride precipitates were 

typically located on or near austenite grain boundaries
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within the carbon extraction replicas. Occasionally, AIN 

precipitates were noticed on austenite triple points. In 

one specimen, the aluminum nitride precipitate displayed a 

dendritic plate-like morphology, shown in Figure 3.22, 

indicating that the aluminum nitride precipitate may have 

formed in the melt.
A second aluminum-containing precipitate was AI2O3, or 

alumina. Figure 3.23 shows a representative micrograph of 

the alumina precipitates, along with the selected-area- 

diffraction pattern and EDS spectrum. While alumina is a 

common artifact resulting from polishing contamination, no 

alumina was used in the polishing process, and the 

combination of ultrasonic cleaning and plastic replication 

prior to carbon coating makes this source of alumina 

unlikely. Since these steels were aluminum killed, it is 

highly probable that the alumina is a by-product from the 

killing process. There was no preferred microstructural 

location of the alumina precipitates, as they appeared with 

equal frequency throughout the microstructure.

Some aluminum-containing precipitates were found by 

scanning-electron microscopy on Charpy fracture surfaces. 

Figure 3.24 shows an SEM micrograph and spectrum of these
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Figure 3.22 Dendritic morphology of aluminum nitride 
precipitate. TEM image, bromine replica.
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Figure 3.23 Alumina precipitate. TEM image (bromine
replica), electron diffraction pattern, and 
EDS spectrum.



T-4619 116

Figure 3.24 SEM fractograph and EDS spectrum of cuboidal
aluminum-containing precipitates.
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aluminum-containing precipitates. These precipitates appear 

to have a cuboidal morphology, and are rather large relative 

to the precipitates seen in the replicas. They may not have 

been visible in the replicas due to their large size, their 

large interparticle spacing, and, if they are AIN, due to 

their solubility in hydrous solutions. It is unclear from 

the SEM analysis whether these particles are nitrides or 

oxides, but based on the cuboidal morphology, different from 

the alumina shown previously, it is probable that these 

precipitates are aluminum nitride.

3.3.4 Other Types of Precipitates

Other types of precipitates were identified from 

carbon-extraction replicas in the transmission-electron 

microscope. Additionally, fracture surfaces were examined 

by scanning-electron microscopy to identify very large 

precipitates which may not have been evident in the 

replicas.

An example of an iron carbide precipitate is shown in 

Figure 3.25. These were typically very large precipitates, 

with no common morphology.
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Figure 3.25 Iron carbide found in carbon extraction
replicas. TEM image (bromine replica), 
electron diffraction pattern, and EDS 
spectrum.
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e-copper was discussed in Chapter 2 and shown in Figure 

2.9. Figure 3.26 shows another example of clusters of e- 

copper precipitates. These precipitates were not part of 

the microstructure, but formed by chemical reaction during 

etching and redeposited on the replicas surface.

Silicon was identified in some precipitates, primarily 

the very fine niobium-containing precipitates, and only 

after long collection times. It is unclear whether this is 

a true precipitate element, or a contamination result.

SEM analyses revealed large spherical precipitates 

containing manganese, sulfur, and calcium, as shown in 

Figure 3.27. These precipitates are believed to be 

manganese sulfide and the calcium addition is used to harden 

the precipitates so that it breaks up during hot rolling, 

thereby producing many equiaxed inclusions rather than a 

single elongated inclusion. While SEM analysis revealed a 

surface with many fine voids formed during ductile fracture, 

no fine precipitates (which may have nucleated the voids) 

were detected within these voids.



< -.2 10■040 keV 20.3 >
Figure 3.26 e-copper precipitates found on carbon-

extraction replicas. TEM image (nital 
replica), electron diffraction pattern, and 
EDS spectrum.
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Figure 3.27 SEM fractograph showing calcium-containing
manganese sulfide inclusions, and EDS 
spectrum.
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In summary, from the preceding figures, it is apparent 
that the complex chemistry of these steels results in a wide 

diversity of precipitate types, sizes, and chemistries.
Table 3.5 provides a listing of these observations for the 

specimens from the 900°C welding simulation, and these 

results are expected to change very little from the as- 

received condition.

TABLE 3.5 - List of Observed Precipitates
Precipitate

Ti, Nb (N) 
NbC

AIN

Alumina
MnS
e-Cu

FeC

TiOz
MnS, Ca

Morphology

Cuboidal
spherical
rods
plates
cuboidal
hexagonal plates 
dendritic
curved, flat plates 
secondary on Ti,Nb(C,N) 
spherical, redeposition

carbides

round, flat 
large, spherical

Observations

frequent
very frequent
infrequent
infrequent
infrequent
rare
rare
frequent
frequent
very frequent, nital 
replicas only 
frequent (primarily 
concast) 
rare
frequent
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3.4 Particle Size and Distribution

123

After identification and cataloging of precipitates 

present in these steels, images were recorded and particle 
sizing was completed with the detailed procedure described 

in Appendix B . Precipitate size histograms were created 

from precipitates observed on carbon extraction replicas 

from specimens which were subjected to the 900°C welding 

simulation. Precipitates containing Ti, Nb, and A1 were 
photographed, counted, and measured for development of the 

histograms.

Figure 3.2 8 shows the histograms for each of the steels 

of this study. The differences in these histograms 

correlate to the differences in solidification and post

solidification cooling rate. In particular, the continuous- 

east steel plate has the largest number of small 

precipitates, due to the rapid cooling rate, while the 

ingot-cast-center steel plate has a smaller number of larger 

precipitates, a reflection of the comparatively slow cooling 

rate which allows for precipitate coarsening. Data for the 

ingot-cast-edge steel plate is intermediate, as expected 

based on cooling rate. Table 3.6 summarizes the statistical 

data obtained from these precipitate histograms.
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3.28 Precipitate size histograms for all
precipitates in 900°C welding simulation 
specimens.
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TABLE 3.6 Precipitate Size Summary for all Precipitates.

Ingot Cast 
Edge

Ingot Cast 
Center

Continuous
Cast

Mean (nm) 16.3 25.7 12.3
Std Deviation 

(nm)
40.0 42.3 22.4

Median (nm) 5.2 7.5 5.2
Mode (nm) 5.2 7.0 5.2

Count : Actual 310 148 360
Normalized 398 127.5 327

Range (nm) 290 350 148

These histograms are dominated by the fine, spherical 
niobium-containing precipitates. They so outnumber the 

cuboidal Ti,Nb(C,N) precipitates that the cuboidal 

precipitates make up only approximately 1% of the total 

precipitates counted, making these latter precipitates 

imperceptible on the histograms.

Since the Ti,Nb(C,N) cuboidal particles have high 

solution temperatures and, therefore, are important for 

austenite grain boundary pinning at high temperatures, 

histograms were constructed including only these
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precipitates. The small spherical niobium-containing 

precipitates should only be useful for austenite grain 
boundary pinning at low (< 1000°C) temperatures. Any 

theoretical calculations of austenite grain size from 

average particle sizes obtained from histograms must be done 

with precipitates which will not dissolve immediately at the 

heat treatment temperature of interest. Specifically, the 

niobium carbonitride precipitates should provide no 
contribution to grain pinning during high-temperature 

(> 1300°C) welding simulations. Figure 3.29 shows the 

histograms for the cuboidal Ti,Nb(C,N) precipitates. 

Statistical data for the cuboidal precipitates are 

summarized in Table 3.7. These data again indicate a 

correspondence with the cooling rate of the steels of this 

study. The continuous-cast and the ingot-cast-edge 

specimens have approximately equivalent average precipitate 

sizes, but the range of precipitate sizes and the mode of 

the particle size for the continuous-cast plate are smaller, 

indicating an overall smaller precipitate size for the 

continuous-cast plate. The largest cuboidal Ti,Nb(C,N) 

precipitates and the largest range of sizes are in the 

ingot-cast-center specimen, a feature which is directly
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Figure 3.29 Precipitate size histograms including only
cuboidal Ti,Nb(C,N) from 900°C welding 
simulation specimens.
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TABLE 3.7 Precipitate Size Summary for Cuboidal Ti,Nb(C,N)
Precipitates.

Ingot Cast 
Edge

Ingot Cast 
Center

Continuous
Cast

Mean (nm) 38.9 54.0 40.9
Std Deviation 

(nm)
34.0 40.1 27.5

Median (nm) 24.4 41.5 32
Mode (nm) 24.4 22.0 17

Count : Actual 111 98 88

Range (nm) 161 208 137

related to the slower cooling rate during and after 

solidification.

3.5 Relationship Between Precipitate Stability and
Austenite Grain Coarsening Temperatures

As shown in Figure 3.12, two abrupt changes in 

austenite grain coarsening behavior were observed. Hence, 

replicas were produced from welding simulation specimens 

heated to 900°C, 1200°C, and 1400°C. The goal was to 

determine which precipitates dissolve between 900°C and 

1200°C and between 1200°C and 1400°C. The next three sub

sections address these temperatures separately. Based on
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results for these experiments, lack of a particular 

precipitate type in these welding simulation specimens would 

be evidence for precipitate dissolution which corresponds 

with an austenite grain coarsening temperature. Similar to 
the results presented earlier for the austenite grain size 

studies, representative micrographs are shown for only the 

ingot-cast-edge specimens, but data for all specimens are 

included in the discussion. Micrographs for the ingot-cast- 

center and continuous-cast specimens are included in 

Appendices D and E, respectively.

3.5.1 900°C Welding Simulation

For specimens from the ingot-cast-center, ingot-cast- 

edge, and continuous-cast steels rapidly heat treated to 

900°C, all of the precipitates described in the previous 

section were observed. Since the temperature is low enough 

to prevent dissolution of any precipitates, this is not 

unexpected. Figures 3.30 through 3.32 show representative 

micrographs of the carbon-extraction replicas for this heat 

treatment, at magnifications of 5000, 20,000, and 115,000. 

These image provide a macroscopic view of the surface and 

microscopic views of the precipitates. In the specimens
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Figure 3.30 Representative TEM micrographs of carbon
extraction replica from ingot-cast-edge steel 
plate subjected to 900°C welding simulation. 
Magnification 5000x.
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Figure 3.31 Representative TEM micrographs of carbon
extraction replica from ingot-cast-edge steel 
plate subjected to 900 °C welding simulation. 
Magnification 20000%.
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Figure 3.32 Representative TEM micrographs of carbon
extraction replica from ingot-cast-edge steel 
plate subjected to 900°C welding simulation. 
Magnification 115000x.
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from this heat treatment, a large number of very fine 

precipitates are observed at the higher magnifications.
These precipitates are the fine niobium carbide 

precipitates. A greater number of fine niobium-rich 

precipitates were observed in specimens from the continuous- 
cast and ingot-cast-edge steel plates than for the ingot- 

cast-center plate. This difference was evident in the 

number of precipitates counted for the histograms which 

included all precipitates (see Figure 3.28 and Table 3.7). 

This difference could be due to the slow cooling rate in the 

ingot center, allowing for significant diffusion of niobium 

to the growing cuboidal Ti,Nb(C,N) precipitates. Indeed, 

the cuboidal Ti,Nb(C,N) precipitates are larger in the 

ingot-cast-center specimens than in the continuous-cast and 

ingot-cast-edge specimens, as was shown in Figure 3.29 and 

Table 3.8.

Based on a comparison of the K-lines in the EDS 

spectra, the titanium-niobium ratios in the cuboidal 

precipitates vary considerably. The cuboidal precipitates 

in the continuous-cast steel contain titanium levels ranging 

from about 70% to about 90% (in terms of metallic atom 

content), with an average of 83%. Precipitates in the
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ingot-cast-edge specimens ranged from 85% to 95% titanium 

(average 91%), while those in the ingot-cast-center 
specimens ranged from 45% to 95% (average 77%). The higher 

niobium content of these large precipitates in the ingot- 

cast-center specimens supports the increased diffusion of 

niobium to the cuboidal precipitates in the center of the 

ingot. Hence, less niobium is available to form small 

spherical niobium-rich precipitates later during 

thermomechanical processing.
The cuboidal Ti,Nb(C,N) precipitates observed after 

heat treatment at 900°C frequently showed that these 
precipitates were sites for secondary, or coprecipitation, 

for other precipitates, including niobium carbide and 

manganese sulfide (as was discussed in Section 3.3). In 

general, observations of these Ti,Nb(C,N) cuboidal 

precipitates indicate they are smaller in the continuous- 

cast steel plate than in the ingot-cast-center steel plate, 

an expected consequence of the differences in cooling rates.

The Ti,Nb(C,N) precipitates in the ingot-cast-edge steel 

show an intermediate range of sizes, corresponding to the 

intermediate cooling rate, which allows for rapid 

precipitate formation, but as the entire ingot cools, the
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heat transfer through the edges may cause some precipitate 

coarsening.

3.5.2 1200°C Welding Simulation

Specimens which were rapidly heat treated to 1200°C 
show far fewer total precipitates than those specimens which 

were heat treated to 900°C, as shown by comparison of 

Figures 3.33 to 3.35 with Figures 3.30 to 3.32. In general, 

there are very few of the fine niobium carbide precipitates 

seen in any of the specimens which were heat treated to 

1200°C. This result is reasonable, since the dissolution 

temperature range for niobium carbide is calculated to be 

approximately 900° to 1100°C, based on the solubility 

equations in Table 1.1. Additionally, while very little AIN 

was observed in the 900°C specimens, there was none observed 

in specimens heated to 1200°C. Since this heat treatment 

temperature is beyond the aluminum nitride dissolution 

temperature range, this is not a surprising result.

At 1200°C, the cuboidal Ti,Nb(C,N) precipitates are 

still present. Chemical analysis indicates that the 

precipitates still contain niobium. Comparison of K-lines 

indicates that the percentage of titanium within the
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Figure 3.33 Representative TEM micrographs of carbon 
extraction replica from ingot-cast-edge steel 
plate subjected to 1200°C welding simulation. 
Magnification 5000x.



Figure 3.34 Representative TEM micrographs of carbon
extraction replica from ingot-cast-edge steel 
plate subjected to 1200°C welding simulation. 
Magnification 20000x.
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Figure 3.35 Representative TEM micrographs of carbon
extraction replica from ingot—cast—edge steel 
plate subjected to 1200°C welding simulation. 
Magnification 115000x.
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precipitates has increased, as compared with the 900°C 
treatment. This phenomenon is accomplished largely by a 

decrease of niobium within the precipitate. Precipitates 

within continuous-cast specimens have between 8 0% and 90% 

(average 86%) titanium, whereas for ingot-cast-edge 

specimens these values are between 90% and 96% (average 

93%), and ingot-cast-center specimens are associated with 

values between 85% and 95% titanium (average 90%). These 

results, compared with data from 900°C, indicate that the 

heat treatment temperature (1200°C) is sufficiently high 

that niobium contained within, or on (in the form of 

shells), the Ti,Nb(C,N) precipitates begin to go into solid 

solution.

In addition to niobium carbides and niobium within 

cuboidal precipitates, other secondary precipitates on 

cuboidal precipitates also go into solution. Manganese 

sulfide and niobium carbide, formerly attached to the 

cuboidal Ti,N b (C,N) precipitates, are no longer evident. 

Some of the cuboidal Ti,Nb(C,N) precipitates show clear 

indications of where a secondary or coprecipitate has 

dissolved, leaving a notched area or rounded corner on the 

cuboidal precipitate, as shown in Figure 3.36.
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Figure 3.36 Representative TEM micrographs of carbon
extraction replica showing regions of 
partial secondary precipitate dissolution on 
cuboidal Ti,N b (C,N ) precipitates.
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Also visible in these specimens are some sporadically 
spaced alumina precipitates. This phase has a very high 
solution temperature of 2050°C and would not be returning to 

solution at 1200°C.

3.5.3 1400°C Welding Simulation

Specimens heat treated at 1400°C show even fewer 

precipitates than the 1200°C specimens. As seen in the 

series of representative micrographs in Figures 3.37 through 

3.39, fine niobium carbides are not present, and far fewer 

cuboidal Ti,Nb(C,N) precipitates were observed. Indeed, the 

heat treatment temperature is sufficient to begin to 

dissolve some of the Ti,N b (C,N) precipitates, but others are 

still evident, although the survey area was increased by 

approximately a factor of five to find an equivalent number 

of precipitates as for the previous heat treatments.

Hence, the number density of Ti,Nb(C,N) precipitates 

decreases by one-half to one order of magnitude between 

1200°C and 1400°C.

Chemical analyses indicate that the precipitates still 

contain some niobium. For the continuous-cast specimens, 

titanium contents in precipitates range from 88% to 96%



T-4619 142

Figure 3.37 Representative TEM micrographs of carbon
extraction replica from ingot-cast-edge steel 
plate subjected to 1400°C welding simulation. 
Magnification 5000x.
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Figure 3.38 Representative TEM micrographs of carbon 
extraction replica from ingot-cast-edge steel 
plate subjected to 1400°C welding simulation. 
Magnification 2OOOOx.
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Figure 3.39 Representative TEM micrographs of carbon
extraction replica from ingot-cast-edge steel 
plate subjected to 1400°C welding simulation. 
Magnification 115000x.
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(average 93%), for ingot-cast-edge specimens, titanium 

ranges from 92% to 98% (average 95%), and for ingot-cast- 
center specimens, titanium ranges from 92% to 98% (average 

95%). The precipitates still contain some niobium, which 

supports the conclusion that niobium is not present in the 

form of a "shell", but is contained substitutionally within 

the lattice of the precipitate, possibly in the form of a 

gradient. Figure 3.40 shows a summary plot of the titanium 

content of the Ti,Nb(C,N) precipitates as a result of 

temperature. Examples of the partial dissolution of the 

Ti,N b (C,N) precipitates showing less clear edges and corners 

than were seen previously are shown in Figure 3.41.
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Figure 3.40 Summary plot of Ti/(Ti+Nb) % versus
temperature showing T i,N b (C,N ) precipitates 
still contain niobium after high-temperature 
heat treatment.
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Figure 3.41 TEM micrographs showing partial dissolution
of cuboidal T i,N b (C,N ) precipitates.
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4. Discussion

Soaking and welding simulation heat treatments were 

conducted to examine austenite grain coarsening behavior of 

Ti-Nb-containing steels produced by ingot casting and 

continuous casting. Austenite grain sizes were quantified 

and precipitates present at different heat-treatment 
temperatures were identified and, in some cases, quantified. 

The following sections discuss the results presented in 

Chapter 3.

4.1 The Effects of Processing Variables on Austenitic Grain
Size

Figure 3.12 is a plot of austenite grain size as a 

function of heat-treatment temperature, and data for both 

soaking and welding simulation heat treatments are included. 

There is little difference in the austenite grain size data 

for these two types of heat treatments, as shown by the 

overlap in data at 900°C and 1200°C. Two distinct changes 

in austenite grain-coarsening behavior are evident. The 

first change occurs between 1050°C and 1125°C, whereas the 

second change occurs between 1300°C and 1350°C. To simplify
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the following discussion, these two temperatures ranges will 
be termed the lower and upper austenite grain coarsening 

temperatures, respectively.

4.1.1 Lower Austenite Grain Coarsening Temperature

As was shown in Section 3.2.2, at temperatures up to 

1050°C, austenite grain size is not a strong function of 

temperature. Additionally, there is negligible variation in 
grain size for steels produced by either ingot-casting and 

continuous-casting processes. Austenitic grain size 

increases markedly with increasing temperature beginning at 

approximately 1125°C for both steels. Between 1125°C and 

1300°C, austenite grain size increases measurably as 

temperature increases. However, as shown by the micrographs 

in Figure 3.4 and Appendices D and E, there is some evidence 

for a bimodal distribution of austenite grain sizes within 

specimens heated to temperatures between 1125°C and 1300°C. 

This phenomenon appears to be most noticeable at the lower 

temperatures within this range. However, even at 

temperatures close to 1300°C, some small austenite grains 

are apparent. This abnormal grain coarsening behavior is
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caused by incomplete dissolution of pinning precipitates in 
some, but not all, regions of the microstructure.

The solubility equations in Table 1.1 indicate that the 

dissolution temperatures of NbC and AIN fall within the 

range of approximately 1050°C to 1150°C, which corresponds 

with the observed austenite grain coarsening temperature, 

and it is hypothesized that the lower grain coarsening 
temperature is due to the dissolution of NbC and/or AIN 

precipitates. To examine this hypotheses experimentally, 

analyses were conducted on carbon extraction replicas from 

specimens heated to temperatures above and below this 

austenite grain coarsening temperature. Steel specimens 

from the 900°C welding simulation show an abundance of fine 

NbC precipitates, as was shown in Section 3.5.1. 

Additionally, a considerable number of Ti,Nb(C,N) cuboidal 

precipitates were observed. A small amount of AIN was 

observed; however, AIN can be difficult to extract, and 

calculations based on the steel chemistries indicate that a 

substantial amount of AIN is probably present in these 

steels. At 900°C, Ti,Nb(C,N), NbC and AIN all contribute to 

austenite grain boundary pinning. Hence, a small uniform
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austenite grain size is produced in specimens from steel 

plates which were ingot cast and continuous cast.
Carbon extraction replicas taken from welding 

simulation specimens heated to 1200°C have none of the fine 

NbC precipitates as shown in section 3.5.2. Indeed, this 

temperature is sufficiently high that the NbC and AIN 

precipitates have dissolved. The loss of these precipitates 

results in an abrupt increase in austenite grain size for 

specimens heated above 1125°C. However, the Ti,Nb(C,N) 

precipitates were still present in specimens heated to 
1200°C. These precipitates are capable of providing some 

resistance to austenite grain coarsening.

4.1.2_____ Upper Austenite Grain Coarsening Temperature

The upper austenite grain coarsening temperature is 

between 1300°C and 1350°C. According to the solubility 

equations in Table 1.1, this temperature is somewhat lower 

than that expected for pure titanium nitride precipitates. 

However, the precipitates within these steels have been 

identified as Ti,Nb(C,N), and no pure TiN exists, as was 

indicated in section 3.3.1. The combination of niobium and 

titanium in these steels gives rise to Ti,Nb(C,N)
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precipitates with solubility temperatures between the two 

pure microalloying precipitates, i.e. TiN and N b (C,N ). This
phenomenon has been observed by other researchers (33).

While carbon extraction replicas from welding

simulation specimens heated to 1200°C showed the presence of

Ti,Nb(C,N) cuboidal precipitates (Section 3.5.2), replicas 

from the 1400°C welding simulation showed far fewer cuboidal 

precipitates (Section 3.5.3). The replica survey area was 

increased by a factor of five to count and analyze a similar 

number of Ti,Nb(C,N) precipitates in the 1400°C welding 

simulation as were observed in the 1200°C welding 

simulation. Hence, the volume fraction of cuboidal 
precipitates decreases by roughly half an order of magnitude 

between 1200°C and 1400°C. Upon dissolution of Ti,Nb(C,N) 

cuboidal precipitates, no precipitates remain to prevent 

austenite grain coarsening. Hence, a large increase in 

austenite grain size results at high heat treatment 

temperatures above 13 00°C.

4.1.3_____ Effects of Casting Method on Austenite Grain
Coarsening

For the continuous-cast and ingot-cast plates under 

consideration (which contain approximately the same
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titanium, niobium, aluminum, nitrogen, and carbon 

additions), the austenite-grain-coarsening behavior and 
austenite grain sizes for any given heat treatment are 

approximately equivalent. The lower austenite grain 

coarsening temperature is due to the dissolution of NbC 

and/or AIN, and the upper grain coarsening temperature is 

due to the dissolution of Ti,Nb(C,N ) . The similarity of 
austenite grain sizes in continuous-cast and ingot-cast 

specimens suggests that austenite grain coarsening behavior 

is not affected by casting technique. Hence, one might 

conclude that titanium additions can be equally effective 

for ingot-cast and continuous-cast steels if the titanium 
level is kept low and the titanium/nitrogen levels result in 

a hypostoichiometric chemistry.

The above statement conclusion is contrary to the 

literature (14,20,21,23,35-37,42,46,47) which indicates that 

due to the slow solidification and post-solidification 

cooling rates associated with ingots, titanium is not highly 

effective for austenite grain-boundary pinning.

Specifically, the slow cooling rates associated with large 

steel ingots result in large TiN precipitates which are 

ineffective at pinning grain boundaries, whereas the rapid
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cooling rate of a continuous-cast steel product would result 
in fine TiN precipitates capable of pinning grain 

boundaries. In fact, the cuboidal precipitates in the 

ingot-cast steels are larger than in the continuous-cast 

steel but are present in the same volume fraction, so 

austenite grain coarsening should be more pronounced for the 

ingot-cast steel. However, the observed similarity in grain 
coarsening indicates that, for the present steels, the idea 

that titanium nitride technology is more effective in the 

continuous-cast steel compared to the ingot-cast steel is 

incorrect. Possible explanations for the discrepancy 

between results for the present steels and the expected 

trend are offered below.

While the austenite grain coarsening behavior and 

average austenite grain sizes for these titanium-containing 

continuous-cast and ingot-cast steels are approximately 

equal, they are unexpectedly large, especially for the 

former steel. Comparison of the present results with the 

work of Cuddy is shown in Figure 4.1 (24). Cuddy's results

and the work of others indicates that the austenite grain



AV
G 

GR
AI

N 
D

IA
M

ET
ER

, 
(im

T-4619 155

300 —

200 —

100 —

800 1000 1200 
TEMPERATURE. °C

Comparison of austenite grain sizes for this 
study with the results of Cuddy (24). Data 
marked with x indicates the present study.



T-4619 156

sizes observed in the present steels are large compared to 
steels containing titanium only. Indeed, the purpose of 
using titanium for grain-boundary refinement is to keep the

austenite grain size below approximately 50 |im in order to 

obtain benefits in strength and toughness following high- 

temperature heat treatments. In the soaking treatments of 

the present study, the lower austenite grain coarsening 

temperature would not have been observed had the titanium 

precipitates been sufficiently fine and present in a large 
enough quantity (23,29,35-37,42,47). From the welding 

simulations, an upper grain coarsening temperature was also 

observed. These results compared with previous work 

indicate that the titanium additions to the present steels 

are insufficient to be beneficial in preventing excessive 

austenite grain-boundary coarsening at intermediate to high 

temperatures, even in the presence of excess nitrogen, and 

even for comparatively rapid solidification and post

solidification cooling rates (i.e. continuous-cast process). 

Several factors, individually or collectively, may 

contribute to the unexpected results. These factors are ( 1) 

insufficient volume fraction of sufficiently fine pinning
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precipitates, (2) the presence of a sufficient volume 
fraction of precipitates, but of a size too large to be 

effective at grain boundary pinning, and (3) complex 

chemistry of precipitates in the steels (e.g., precipitates 

containing substantial amounts of more than one 

microalloying element) which affects their solubility and 

thus their grain pinning ability.

4.1.4 Volume Fraction of Ti,Nb(C,N)

One possible cause of the unexpectedly high 

austenite grain sizes of these steels is an insufficient 
volume fraction of sufficiently fine Ti,Nb(C,N) cuboidal 

precipitates. Calculations of the theoretical volume 

fraction of TiN precipitates in specimens at room 

temperature give a value 1.5 X 10"4 (this calculation

assumes that all of the titanium in the steel forms TiN-type

precipitates). This value is comparable to other reports of 

volume fractions of TiN particles in typical steels 

(33,35,36), and should be a sufficient volume fraction for 

grain boundary pinning if the precipitates are fine enough. 

Additionally, with the niobium combining with the TiN 

precipitates to form Ti,Nb(C,N), the effective volume 

fraction of the precipitates would be larger, with a value
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of 1.7 X 1CT4. However, an experimental volume fraction 

determined using the method of Ashby and Ebeling, and 

equation 9, yields a result of approximately 1.5 X 10"5, an 

order of magnitude lower than the theoretical value. The 

experimental value would not be a sufficient volume fraction 
to be very effective in austenite grain boundary pinning.

The true value of the Ti,Nb(C,N) volume fraction is probably 

somewhere between the theoretical and experimental values. 

Due to the error in the Ashby-Ebeling model and problems 

associated with extraction efficiency, it is concluded that 

the actual volume fraction is closest to the theoretical 

value. Also, it is emphasized that these calculated volume 

fractions are for precipitates at room temperature. Table

4.1 shows calculations of the volume fraction of TiN 

precipitates at different heat treatment temperatures for 

the present steels. Clearly, as the heat treatment 

temperature increases, the volume fraction decreases to well 

below the volume fraction necessary for effective grain 

boundary pinning. By way of comparison, Merwin's (75) 

steels have approximately equivalent titanium levels to the 

present steels, but his steel's contain more nitrogen. At a
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TABLE 4.1 Calculations of Volume Fraction, and Titanium and 
Nitrogen Levels in Solution at Heat-treatment Temperature.

Temperature N in 
Solution 

(wt% )

Ti in 
Solution 

(wt% )

Volume 
Fraction, fv

900 °C 0.004262 0.000362 0.0001520
1050°C 0.004384 0.000428 0.0001470
1125°C 0.004457 0.000888 0.0001380
1250 °C 0.004727 0.002470 0.0001080
13006C 0.004919 0.003486 0.0000878
1350 6C 0.005180 0.004748 0.0000633
14 00 °C 0.005528 0.006246 0.0000341

welding simulation temperature of 1350°C, the volume 
fraction of TiN in Merwin's steels is approximately

1.1 X 10-4, while in this study, the volume fraction is only 

6.3 X 10-5. As shown in Figure 4.2, steels with excess 

nitrogen will restrict the dissolved titanium content for a 

given heat-treatment temperature, thus maintaining a larger 

volume fraction of precipitates in the steels.

Additionally, excess nitrogen prevents Ostwald ripening 

(33). Titanium precipitates would coarsen more slowly by 

combining with the excess nitrogen rather than diffusing to
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other precipitates (33), resulting in finer precipitates. A 

constant volume fraction of fine precipitates is more 
effective at austenite grain boundary pinning than large 

precipitates with the same volume fraction.

The two volume fraction values listed above were used 

with the measured average precipitate size for cuboidal 

precipitates (determined from the histograms) in the Gladman 

relationship to calculate austenite grain sizes, and results 
are listed in Table 4.2. Clearly, the austenite grain sizes 

calculated from the theoretical TiN volume fraction are a 

closer match to the observed austenite grain sizes based on 

the 1350°C welding simulation.

4.1.5 Precipitate Sizes

The precipitates must be sufficiently small in order 

for grain-boundary pinning to occur, as noted by Gladman and 

others (28,30,33). At a sufficient volume fraction, the 

smallest precipitates would be expected for the continuous- 

east steel, which has a rapid enough cooling rate to prevent 

the formation of large precipitates, as shown by Turkdogan 

(31) and Sage et al. (47). Indeed, results presented in 

section 3.4 indicate a smaller average precipitate size for
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TABLE 4.2 Calculations of Volume Fractions and Grain Sizes 
using Theoretical and Experimental Data at 1350°C Welding

Simulation

ICE ICC CC
d average 
(nm) 38.9 54 . 0 40.9
std. dev. 34 . 0 40. 1 27.5
theoretical 
volume 
fraction, fv

1.5 X 10'4 H Cn X H O i 1.5 X 10~4

experimental 
volume 
fraction, fv

1.5 X 10"5 2.3 X 10"5 1.1 X 10~5

grain size 
(pm) using 
theoretical
fv

210 290 220

grain size 
(jam) using 
experimental
fv

2100 1900 3000

Observed 
grain size
(Mm)

479 544 424

the continuous-cast steel than for the ingot-cast steels. 

However, these precipitate sizes are still much larger than 

those observed by others (33,35,36). From the austenite

grain size equations, R a r/f. With the theoretical volume 

fraction used above, a precipitate size of approximately 9 

nm (diameter) would be required to produce an austenite
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grain size of approximately 50 |nm. Conversely, for the 

precipitates of the size observed (40 nm), a volume fraction 

of approximately 6 X 10-4 would be required to achieve this 

same grain size. A  larger volume fraction would be 

necessary for the increased precipitate size associated with 

the center of the ingot-cast steel. These analyses indicate 

that the precipitate sizes are too large for the volume 

fraction present.

4.1.6_____ Chemical Stability of Ti,Nb(C,N)

Chemical analyses show cuboidal precipitates in 

extraction replicas from ingot-cast and continuous-cast 

steels in this study were not pure titanium nitride 

precipitates. All precipitates examined showed a 

substantial amount of niobium. As was discussed in section 

3.3.1, the niobium was often present in the form of a 

secondary cap or plate-like appendage of niobium carbide, 

which formed on the cuboidal TiN precipitates. However, 

these secondary or coprecipitates were dissolved at 

relatively low temperatures. Additionally, niobium was also 

present within the cuboidal TiN precipitates, forming a
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Ti,Nb(C,N) cuboidal precipitate, which went into solution at 
temperatures lower than the solubility equations predict for 

pure TiN (see Table 1.1). This decrease in dissolution 

temperature and resultant increase in austenite grain 

coarsening due to the presence of niobium in TiN 

precipitates has been observed by others. Lehtinen and 

Hansson (7 6) showed that, following a welding simulation 

very similar to that used in this project, a low-carbon, 

titanium-niobium-containing steel had an austenite grain 

size twice that of a titanium-only steel (76).

Additionally, following a 1350°C welding simulation heat 

treatment, all cuboidal precipitates which remained 

contained both titanium and niobium. Studies by the Suzuki, 

Okaguchi and others (33,68,77-80) indicate that the 

combination of niobium and titanium to steels has a 

detrimental affect on the austenite grain size in heat- 

affected zones. In all cases, the addition of niobium 

appears to lower the solubility temperature of titanium 

nitride precipitates, making them less stable at the high 

temperatures associated with welding, which in turn permits 

excessive grain coarsening. Dissolution of Ti,N b (C,N) 

precipitates occurs as niobium goes into solution at lower
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temperatures compared with pure TiN. As the niobium begins 
to dissolve, titanium is also released, and the result can 
be an increased coarsening of existing larger precipitates 

(33,79), and/or complete dissolution of the smaller, 

unstable precipitates. According to Gladman, these 

unstable Ti,Nb(C,N) precipitates may arise from the 

sluggishness of the homogenization process, thereby locking 

niobium and carbon atoms within the titanium nitride lattice 

during the solidification and post-solidification cooling 

(33) .

The above discussion of low-stability Ti,Nb(C,N) 

precipitates can be related to the observed austenite grain 

coarsening of the continuous-cast and ingot-cast steels of 
the present study. As heat treatment temperature is 

increased (above 1050°C), the low-stability Ti,Nb(C,N) 

precipitates begin to dissolve, resulting in curved corners 

and irregular edges on the formerly cuboidal precipitates 

(as shown in Figure 3.40) . For the ingot-cast-center plate, 

unstable, comparatively coarse Ti,Nb(C,N) precipitates will 

dissolve sluggishly. However, because of the low 

precipitate volume fraction at high temperature, very little 

coarsening of the precipitates will occur, and austenite
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grain coarsening will occur♦ In the continuous-cast steel, 

comparatively fine Ti,Nb(C,N) precipitates are present in 

the same volume fraction. These precipitates are also 

unstable, due to the presence of niobium, and they will 

dissolve. The time required for a fine precipitate to 

dissolve is less than that for a coarse precipitate; hence 

the volume fraction of Ti,N b (C,N) in the continuous-cast 

steel will decrease more rapidly than for the ingot-cast 
steel, and grain coarsening will occur more rapidly as 

dissolution progresses. The combination of low volume 

fraction of precipitates at 1350°C, the larger precipitates 

in the ingot-cast steels, and the unstable nature of the 

Ti,Nb(C,N) precipitates results in similar austenite grain 

coarsening trends in steels from both continuous-cast and 

ingot-cast processing.

4.2 The Effect of Titanium Additions to Niobium-Containing
Steels

Based on the discussion associated with Figure 1.4a 

(24), it was shown that steels containing both titanium and 

niobium resulted in austenite grain sizes intermediate to 

the austenite grain sizes formed in titanium-only or
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niobium-only steels. Since niobium-containing steels are 

frequently favored for inhibition of austenite 

recrystallization after hot rolling and the very fine 

austenitic grain size which results from low-temperature 

(900°C) austenitizing treatments, the resulting finer 

austenite grain size produced with the addition of titanium 

is beneficial.

Comparing results for specimens from the soaking 

temperatures from this study to those for steels alloyed 
with only niobium, the grain coarsening is clearly better, 

as was shown on Figure 4.1. McCutcheon (81) added titanium 

to linepipe steels and observed a decrease in the austenite 

grain size compared to niobium-only steels. Figure 4.3 

shows a plot of their data along with data from the present 

study. The data from the present study are intermediate to 

the results of McCutcheon et al., in part because of the 

lower titanium and nitrogen contents used in the present 

work. These results indicate that the addition of titanium 

to steels with niobium provides a smaller austenite grain 

size than in steels with niobium only. Comparison of the 

present study to work done by Link et al. (84) in Figure 4.4
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shows reduced austenite grain coarsening in the heat- 

affected zone. The addition of titanium to a size compared 
to a niobium-only steel. Further optimization of the 

titanium and nitrogen levels results in ever better 

austenite grain refinement, as shown by Link (84).

These results indicate that the addition of titanium to 

steels with niobium provides a smaller austenite grain size 
than in steels with niobium only. This addition would also 

be beneficial in decreasing austenite grain size during low- 

temperature austenitizing treatments in which the niobium is 

the principle grain boundary pinning precipitate, and in 

controlled rolling processes, in which the niobium prevents 

the recrystallization of austenite. In both cases, a 

smaller starting austenitic grain size will result in a 

finer final microstructure.

4.3 The Nature of Ti,Nb(C,N) Precipitates

The lattices of TiN, TiC, NbN, and NbC are mutually 

soluble, and therefore the precipitates are typically of 

mixed composition. Titanium nitride is of the NaCl crystal 

structure with a lattice parameter of a0=4.10 6 A. Niobium
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nitride has a hexagonal lattice with ac=2.960 A and c0=ll.25 
A (69). While TiN precipitates at the highest temperature, 

based on the solubility equations, it is common to find 

niobium occurring within TiN precipitates. Gladman suggests 

that due to the sluggish diffusion of large niobium atoms, 

there is limited internal diffusion within Ti,Nb(C,N) 

precipitates, resulting in a "cored" precipitate. Figure

4.5 shows schematic examples of precipitates which are 

homogenous, cored, or "shelled". Numerous researchers have 

observed this "cored" effect, in which the center of a 

cuboidal precipitate will be titanium-rich, while the outer 
area will be niobium-rich (33,45,68,76,77,79,81,82). This 

concept is contrary to the idea of a true "shell" of niobium 

carbide on a pure titanium nitride precipitate. If a true 

shell existed, it would dissolve leaving a pure TiN cuboidal 

precipitate which would be very stable at high temperatures. 

The observed gradients of titanium and niobium within 

cuboidal precipitates have been suggested as the cause of 

the lowered solubility temperatures, resulting in more rapid 

austenite grain coarsening in titanium-niobium-containing 

steels compared with titanium-only steels.
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The above statement is supported by data from the 

present study. No pure titanium nitride precipitates were 

observed, i.e., only Ti,Nb(C,N) precipitates were 

identified. Additionally, no "shells" were seen (the 
secondary precipitates in the form of appendages were not 

considered to be shells). The irregular precipitate edges 

at the 1400°C welding simulation temperature indicate a 

variable dissolution rate which may be associated with 

variations in the relative amounts of titanium and niobium 

contained within Ti,Nb(C,N) precipitates. Additionally, the 
presence of niobium in 1400°C welding simulation specimens 

(as shown in Figure 3.40) discount the "shell" theory, and 

support the cored precipitate theory. These observations of 

precipitate chemistry were apparent in specimens from both 

ingot-cast and continuous-cast plates, indicating that, 

regardless of cooling rate, the precipitates always 

contained niobium.
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5. Conclusions

Two modified-HSLA-8 0 steels containing (in w t . pet.) 

nominally 0.008 Ti, 0.04 Nb, 0.05 Al, 0.04 C, and 0.006 N 

were produced by continuous-casting and ingot-casting 

techniques. Slow-reheat-and-long-hold austenitizing 

(soaking) treatments and rapid-reheat welding simulations 

were conducted with peak temperatures ranging from 900°C to 

1400°C. From observations of austenite grain size and 

precipitate characterization, the following conclusions were 

made.

1. Austenite grain sizes and grain-coarsening behavior 

resulting from the soaking treatments and welding 

simulations were very similar for selected peak 

temperatures.

2. For continuous-cast and ingot-cast plates, austenite 

grain size differences for all soaking treatments and 

welding simulations were small to nonexistent.
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3. Lower and upper austenite grain coarsening temperatures 

were observed between 1050°C and 1125°C and between 

1300°C and 1350°C, respectively.

4. The lower and upper austenite grain coarsening 

temperatures occur because of the solution of N b (C,N) 

and/or AIN precipitates and the solution of Ti,N b (C,N) 

precipitates, respectively.

5. An addition of 0.008 w t . pet. titanium to niobium- 

containing modified-HSLA-8 0 steels results in a 

decrease in austenite grain size for intermediate- 

temperature soaking treatments and in high-temperature 

welding simulations.

6. Austenite grain coarsening behavior of the present

titanium-containing steels is inferior to that reported 

in the literature for other titanium-containing steels. 

The reason for this difference in the comparatively low 

stability of the Ti,Nb(C,N) precipitates versus pure 

TiN precipitates. Both low nitrogen levels and the
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presence of niobium appear to contribute to this 

instability.

7. Many Ti,Nb(C,N) precipitates are chemically "cored" for 

both continuous-cast and ingot-cast steel plates. 

Occasionally, Nb(C,N) precipitates formed appendages on 

Ti,Nb(C,N) precipitates, and these appendages dissolved 

at temperatures above 1050°C. We11-developed shells of 
Nb(C,N) were not observed on cuboidal precipitates, and 

pure TiN was not observed. The titanium-to-niobium 

ratio within Ti,Nb(C,N) precipitates appears to be 

independent of casting technique, but it increased as 

austenitizing temperature increased.

8. The results from the present study of steels with 0.008 

w t . pet. titanium in the presence of only 0.006 wt. 

pet. nitrogen suggest that there is a lower limit of 

these elements in steel for the effective 

implementation of titanium nitride technology.
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Appendix A_____ Multi-pass Welding Simulation

A welding simulation was performed using a heat input 

of 1.5 MJ/m, a primary peak temperature of 1350°CZ and a 

secondary peak temperature of 800UC . Austenite grain sizes 

for the multi-pass welding simulation are very similar in 

size to those for the single-pass welding simulation at 1.5 

MJ/m with no hold time. Grain sizes for continuous-cast 

specimens, ingot-cast-edge specimens, and ingot-cast-center

specimens were approximately 69 fim, 69 pm, and 71.5 pm 

respectively. Figure A.1 shows a plot of the thermal cycle, 

and Figure A.2 shows light micrographs of representative 

austenite grain structures.
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Figure A . 1 Thermal cycle for multi-pass weld 
simulation. Heat input of 1.5 MJ/m.



Figure A.2 Representative light micrographs of austenite 
grain structure for multi-pass weld 
simulation. Picric etch.
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Appendix B_____ Precipitate Sizing and Histogram Development

After analyzing numerous TEM and STEM negatives, 

procedures were developed for the measurement of precipitate 

sizes for histograms and for associated calculations. A 

detailed discussion of these procedures follows.

Analysis of the particle size must be done so that all 

particles are included. While the small precipitates which 

are effective for grain boundary pinning are of interest, 

any large precipitates would take solute away from the 

formation of these fine precipitates. Additionally, because 

of the multiple microalloying elements in these steels, 

consideration must be given to all the possible precipitate 

types which may form. As seen in the literature, and 

discussed in Chapter 1, Ti, Nb, V, and Al in combination 

with carbon and nitrogen can all be used for grain boundary 

pinning. Since there is no vanadium in this steel, it is 

not considered. Chemical analyses on particles in this 

steel were done to determine the different combinations of 

precipitates that may exist. Following these analyses, it 

was determined that precipitates containing Ti, Nb, and/or 

Al would be sized and counted for the histograms. Other



T-4619 190

precipitates (or inclusions) containing Ca, Mn and Cu were 
found, but typically do not contribute to grain boundary 

pinning, so they were not counted.

A series of TEM bright field images was taken to 

determine the magnifications necessary to image particles of 

various sizes. Precipitate sizes ranged from less than 5 nm 

to greater than 100 nm. Use of three different 

magnifications allowed for the analysis of precipitates in 

all the size ranges. The lowest magnification, 20,000, 

showed the largest precipitates, but measurement of the 
finest particles was not possible. An intermediate 

magnification of 115,000 showed the smaller precipitates, 

although, due to the decrease in surface area, few of the 

large precipitates were seen for the same number of photos.

A  higher magnification, 250,000, was used to examine 

precipitates less than 5 nm in size. Figure B.l shows 

representative TEM micrographs at these magnifications.

For histogram development, particles of all sizes had 

to be measured. After determining which magnification was 

necessary to accurately measure different particles, the 

particles had to be measured, and sizes recorded. A simple 

bin count was not done; that is, after bin size ranges were



Figure B.l Representative TEM micrographs demonstrating 
the precipitates visible at the various 
magnifications used for sizing.
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established, bins were not simply incremented for each 

particle. Actual particle sizes were determined so that the 
bin sizes could be altered at another time, if so desired. 

Particle size measurements for each magnification were done 

so that there would be some overlap of particle size (bin 

size) for "adjacent" magnifications. This feature allowed 

for a check of the accuracy of sizing when the counts were 

"normalized", accounting for differences in surface area 

evaluated at different magnifications. A graphical and 

mathematical demonstration follows below.

Analysis of sizes of precipitates visible at different 

magnifications revealed that for high and medium 

magnifications, particle size "overlap" was established for 
particles ranging in size from 5.1 to 10.0 nm, and an 

overlap for medium and low magnifications was between 50.1 

and 55 nm. Figure B.2 shows an example of these ranges, 

i.e., the bins which are cross-hatched show the overlap of 

data for high and medium magnifications and for medium and 

low magnifications. Again, these overlapping regions are 

necessary since three magnifications were needed to size all 

the particles.
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Figure B.2 Example histogram showing regions of overlap.
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To determine the size of the particles on the negative 

that should be counted, the following calculations were 

done.
Magnification: 250,000

10 nm = lOVlOOO * x mm/250, 000, where x is the
measurement in mm on negative

x = 2.5 mm

Magnification: 115,000

5.1 nm = lOVlOOO * x/115, 000 

x = 0.60 mm 

55 nm = lOVlOOO * x/115, 000 

x = 6.5 mm 

Magnification: 20,000

50 nm = lOVlOOO * x/20, 000 

x = 1.0 mm

From the above calculations, particle sizes at each 

magnification (using a lOx lupe) were as follows :

- on 250,000 negatives, count and size all precipitates

such that x < 2.5 mm on a lOx lupe.

- on 115,000 negatives, count and size all precipitates

such that 0.60 mm < x < 6.5 mm on a lOx lupe.
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- on 20,000 negatives, count and size all precipitates 

such that x > 1.0 mm on a lOx lupe.

The determination of particle "size" depended on the 
shape of the precipitate. For precipitates with square or 

rectangular cross sections, the average of the long and 

short lengths was used. In spherical precipitates, the 

diameter was measured. For odd-shaped precipitates, an 

average of the longest and shortest lengths was used. This 

procedure is shown schematically below in Figure B.3.

Figure B.3 Example of measurements on different
precipitates.
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An equal number of negatives for each magnification was

taken. Numerous photos were recorded so that a large number

of precipitates could be evaluated. One negative from each 

magnification was evaluated. The precipitate sizes were 

then incorporated into a histogram, normalizing the number 

of particles counted while taking into account differences 

in surface area for each magnification. For example, the 

surface area of visible area on one negative is 7272 mm2. 

Divided by the magnification, the surface areas are 

determined to be :

250, 000 —> 0.029 mm2/negative

115, 000 —> 0.063 mm2/negative

20, 000 —> 0.364 mmVnegative

Data was normalized to the surface area of the mid-range 

magnification. As subsequent sets of negatives (one of each 

magnification) were evaluated one at a time, the data was 

added to the histogram until such time that little or no 

change was seen in the distribution (the shape and height of 

the curve).
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Appendix C_____ Vickers Hardness Data
Microhardness traverses were conducted on the as- 

received material across the thickness (longitudinal plane) 

of the plate from the surface to approximately the midpoint. 

Tables C.l through C .3 list the raw data, average hardness 

values and the test position. Figure C.l is a plot of 

Vickers Hardness Number versus the distance from the top of 

the plate. It is shown that the microhardness is 

approximately constant through the thickness of the plate. 

Additionally, it is shown that the continuous-cast steel 

(specimen 1) has a lower average hardness than both 

specimens from the ingot-cast steel, a result of the 

difference in molybdenum content (and hence, 

microstructure). This work was conducted by M. Merwin.
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TABLE C.l Vickers hardness data for continuous-cast plate.

Specimen 1-B-L

A1 A2 Average . VHN
Distance 
from Top 

Edge
206 259 232.5 127 0.20
200 191 195.5 180 0.61
194 196 195.0 180 1.02
190 196 193.0 184 1.43
190 198 194.0 182 1.84
187 192 189.5 191 2.25
196 194 195.0 180 2.66
194 201 197.5 176 3.07
192 196 194.0 182 3.48*
188 192 190.0 190 3.89
189 194 191.5 187 4.30
195 196 195.5 180 4.71
198 195 196.5 178 5.12
191 198 194.5 181 5.53
197 195 196.0 179 5.94
187 186 186.5 197 6.35
185 187 186.0 198 6.76
194 193 193.5 183 7.17
190 189 189.5 191 7.58
193 190 191.5 187 7.99
190 194 192.0 186 8.40
196 186 191.0 188 8.81
191 194 192.5 185 9.22
199 180 189.5 191 9.63
181 179 180.0 212 10.04
183 183 183.0 205 10.45
198 187 192.5 185 10.86
198 193 195.5 180 11.27
196 196 196.0 178 11.68
190 190 190.0 190 12.09

192.60 194.00 193.30 184.43 Average
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TABLE C .2 Vickers hardness data for ingot-cast-edge plate.

Specimen 2-B-L

A1 A2 Average VHN
Distance 
from Top 

Edge
174 185 179.5 213 0.41
168 173 170.5 236 0.82
156 162 159.0 271 1.23
171 175 173.0 229 1.64
180 183 181.5 208 2.05
175 175 175.0 224 2.46
173 179 176.0 221 2.87
180 173 176.5 220 3.28
172 173 172.5 231 3.69
176 178 177.0 219 4.10
173 171 172.0 232 4.51
175 177 176.0 221 4.92
177 176 176.5 220 5.33
174 174 174.0 227 5.74
175 176 175.5 223 6.15
171 180 175.5 223 6.55
170 169 169.5 239 6.96
169 173 171.0 235 7.37
174 177 175.5 223 7.78
175 172 173.5 228 8.19
176 179 177.5 223 8.60
171 176 173.5 228 9.01
171 176 173.5 228 9.42
173 170 171.5 233 9.83
169 170 169.5 . 239 10.24
170 171 170.5 236 10.65
173 172 172.5 231 11.06
171 173 172.0 232 11.47
182 179 180.5 211 11.88

I 172.90 174.72 173.81 227.72 Average
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TABLE C .3 Vickers hardness data for ingot-cast-center plate.

Specimen 3-B-L

A1 A2 Average VHN
Distance 
from Top 

Edge
188 189 188.5 193 0.40
191 189 190.0 190 0.79
195 190 192.5 185 1.19
185 185 185.0 200 1.59
176 177 176.5 220 1.98
182 180 181.0 209 2.38
178 185 181.5 208 2.78
193 193 193.0 184 3.18
172 175 173.5 228 3.57
179 180 179.5 213 3.97
175 180 177.5 218 4.37
177 175 176.0 221 4.76
181 185 183.0 205 5.16
176 178 177.0 219 5.56
173 178 175.5 223 5.95
171 180 175.5 223 6.35
165 164 164.5 254 6.75
185 186 185.5 200 7.14
175 175 175.0 223 7.54
178 181 179.5 213 7.94
180 183 181.5 208 8.33
171 176 173.5 228 8.73
178 170 174.0 227 9.13
169 173 171.0 235 9.53
185 185 185.0 200 9.92
183 178 180.5 211 10.32
176 175 175.5 223 10.72
173 170 171.5 233 11.11
176 173 174.5 225 11.51
171 167 169.0 240 11.91

178.57 179.17 178.87 215.30 Average |
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Appendix D Ingot Cast-Center Steel Data
This section includes micrographs discussed in Sections

3.2 and 3.5. Austenite grain sizes and precipitate sizes 

from these micrographs were included in Sections 3.2, 3.4 

and 3.5. The figures of this section include micrographs of 

austenite grain structure (Figures D.l through D.4) and 

precipitate structures (Figures D .5 through D.13).
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Figure D.l Representative light micrographs of prior-
austenite grain boundaries for ingot-cast- 
center specimens austenitized at soaking 
temperatures of (a) 900 °C, (b) 975°C, and
(c) 1050°C. Picric etch.
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Figure D.l Representative light micrographs of prior-
austenite grain boundaries for ingot-cast- 
center specimens austenitized at soaking 
temperatures of (d) 1125°C, (e) 1200°C, and
(f) 1275°C. Picric etch.
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Figure D .2 Representative micrographs of prior austenite
grain structures for ingot-cast-center 
specimens subjected to thermal cycles with 
various heat inputs: (a) 1.5 MJ/m, (b) 4.5
MJ/m, and (c) 8.0 MJ/m. Picric etch.
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Figure D .3 Representative micrographs of prior austenite
grain structures for ingot-cast-center 
specimens subjected to thermal cycles with 
various hold times : (a) 0 s, (b) 10 s
(c) 30 s, and (d) 60 s at 1350°C and 1.5
MJ/m. Picric etch.
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Figure D .4 Representative micrographs of prior austenite
grain structures for ingot-cast-center 
specimens subjected to thermal cycles with 
various peak temperatures: (a) 900oC,
(b) 1200°C, and (c) 1250°C at 1.5 MJ/m.
Picric etch.



Figure D .4 Representative micrographs of prior austenite 
grain structures for ingot-cast-center 
specimens subjected to thermal cycles with 
various peak temperatures: (d) 1300°C,
(e) 1350°C, and (f) 1400°C at 1.5 MJ/m.
Picric etch.
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» # 2.0 )im

Figure D .5 Representative TEM micrographs of carbon
extraction replica from ingot-cast-center 
steel plate subjected to 900°C welding 
simulation. Magnification 5000X.



Figure D .6 Representative TEM micrographs of carbon 
extraction replica from ingot-cast-center 
steel plate subjected to 900°C welding 
simulation. Magnification 2 0kX.
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Figure D.7 Representative TEM micrographs of carbon
extraction replica from ingot-cast-center 
steel plate subjected to 900°C welding 
simulation. Magnification 115 kX.



Figure D .8 Representative TEM micrographs of carbon 
extraction replica from ingot-cast-center 
steel plate subjected to 1200°C welding 
simulation. Magnification 5000X.
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Figure

500 nm

D .9 Representative TEM micrographs of carbon
extraction replica from ingot-cast-center 
steel plate subjected to 1200°C welding 
simulation. Magnification 2OkX.
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Figure D.10 Representative TEM micrographs of carbon
extraction replica from ingot-cast-center 
steel plate subjected to 1200°C welding 
simulation. Magnification 115X.
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Figure D.ll Representative TEM micrographs of carbon
extraction replica from ingot-cast-center 
steel plate subjected to 1400 °C welding 
simulation. Magnification 5000X.
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Figure D .12 Representative TEM micrographs of carbon
extraction replica from ingot-cast-center 
steel plate subjected to 1400°C welding 
simulation. Magnification 2 0kX.



Figure D.13 Representative TEM micrographs of carbon
extraction replica from i n g o t - cast-center 
steel plate subjected to 1400°C welding 
simulation. Magnification 115 kX.
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This section includes micrographs discussed in Sections 

3.2 and 3.5. Austenite grain sizes and precipitate sizes 

from these micrographs were included in Sections 3.2, 3.4 

and 3.5. The figures of this section include micrographs of 

austenite grain structure (Figures E.l through E.4) and 

precipitate structures (Figures E.5 through E. 13).
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Figure E.l Representative light micrographs of prior-
austenite grain boundaries for continuous- 
east specimens austenitized at soaking 
temperatures of (a) 900°C, (b) 97 5°C, and
(c) 1050°C. Picric etch.
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Figure E.l Representative light micrographs of prior-
austenite grain boundaries for continuous- 
east specimens austenitized at soaking 
temperatures of (d) 1125°CZ (e) 1200°CZ and
(f) 1275°C. Picric etch.
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Figure E.2 Representative micrographs of prior austenite
grain structures for continuous-cast 
specimens subjected to thermal cycles with 
various heat inputs: (a) 1.5 MJ/m, (b) 4.5
MJ/m, and (c) 8.0 MJ/m. Picric etch.
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Figure E .3 Representative micrographs of prior austenite
grain structures for continuous-cast 
specimens subjected to thermal cycles with 
various hold times : (a) 0 s, (b) 10 s
(c) 30 s, and (d) 60 s at 1350°C and 1.5
MJ/m. Picric etch.
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Figure E.4 Representative micrographs of prior austenite
grain structures for continuous-cast 
specimens subjected to thermal cycles with 
various peak temperatures: (a) 900 °C,
(b) 1200°C, and (c) 1250°C at 1.5 MJ/m.
Picric etch.
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Figure E.4 Representative micrographs of prior austenite
grain structures for continuous-cast 
specimens subjected to thermal cycles with 
various peak temperatures: (d) 1300°C,
(e) 1350 °C, and (f) 1400°C at 1.5 MJ/m.
Picric etch.
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Figure E.5 Representative TEM micrographs of carbon
extraction replica from continuous-cast 
steel plate subjected to 900°C welding 
simulation. Magnification 5000X.



Figure E .6 Representative TEM micrographs of carbon 
extraction replica from continuous-cast 
steel plate subjected to 900°C welding 
simulation. Magnification 2OkX.



Figure E . 7 Representative TEM micrographs of carbon 
extraction replica from continuous-cast 
steel plate subjected to 900°C welding 
simulation. Magnification 115 kX.



Figure E .8 Representative TEM micrographs of carbon 
extraction replica from continuous-cast 
steel plate subjected to 1200°C welding 
simulation. Magnification 5000X.



Figure E .9 Representative TEM micrographs of carbon 
extraction replica from continuous-cast 
steel plate subjected to 1200°C welding 
simulation. Magnification 2 0kX.
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Figure E.10 Representative TEM micrographs of carbon
extraction replica from continuous-cast 
steel plate subjected to 1200°C welding 
simulation. Magnification 115X.



T-4619 231

/

%

Figure E .11 Representative TEM micrographs of carbon 
extraction replica from continuous-cast 
steel plate subjected to 1400°C welding 
simulation. Magnification 5000X.
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Figure E .12 Representative TEM micrographs of carbon
extraction replica from continuous-cast 
steel plate subjected to 1400°C welding 
simulation. Magnification 2OkX.
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Figure E.13 Representative TEM micrographs of carbon
extraction replica from continuous-cast 
steel plate subjected to 1400°C welding 
simulation. Magnification 115 kX.
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