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Influence of Niobium on Structure/Property 
Relationships in C-Mn Shipbuilding Steel 

V..P. Deshmukh, S.B. Yadaw, A.K. Shah, and D.K. Biswas 

The effect of niobium microaddition in C-Mn steel on microstructure, tensile properties, ductile-brittle 
transition temperature, and weldability have been investigated. Niobium microaddition adversely affects 
the transition temperature and toughness of the heat-affected zone, counteracting its favorable effects of 
refined grain size and low inclusion and pearlite content. 

Keywords 

C-Mn steel, ductile-brittle transition temperature, 
heat-affected zone simulation, microstructure, 

niobium microalloying, tensile properties 

1. Introduction 

CONVENTIONAL C-Mn steels that contain up to 0.2% C and 
1.5% Mn are used in many engineering applications. This steel, 
in the hot-rolled and normalized condition, is also used for ship 
hull construction, as it possesses an optimum combination of  
strength, low-temperature notch toughness, weldability, and 
formability. 

The advent of  microalloyed steel technology brought an im- 
provement in yield strength and toughness properties of low-al- 
loy steels through controlled rolling. These steels are now 
being used in many structural applications, replacing conven- 
tional high-strength, low-alloy steels. However, the use of  mi- 
croalloyed steels in the shipbuilding industry has not yet found 
wide acceptance. This is probably due to conflicting reports in 
the literature (Ref 1-3) about the low-temperature toughness 
and weldability aspects of these steels. 

The principal objective of this work was to study the influ- 
ence of niobium microaddition in controlled rolled C-Mn steel 
on the microstructural, tensile, and impact transition tempera- 
ture properties of  this material. Of particular interest was heat- 
affected zone (HAZ) toughness. 

2. Experimental Method 

2.1 Materials 

Two steels were studied; their chemical compositions are 
given in Table 1. The first steel, designated C-Mn. was made in 
12 mm thick plates in the hot-rolled and normalized condition. 
This was used as a reference material. In the other steel, desig- 
nated C-Mn-Nb, 0.03% Nb was added with lower carbon con- 
tent. This composition was designed to achieve desired 
improvement in strength, toughness, and weldability as com- 
pared to plain C-Mn steel. This steel was produced through a 
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LD/vacuum arc degassing/continuous casting route and was 
controlled rolled to 12 mm thick plate with a minimum 12% re- 
duction in the final two passes in the temperature range of 920 
to 800 ~ 

2.2 Metallography 

Polished and etched samples were prepared for evaluation 
of microstructural parameters such as grain size, pearlite vol- 
ume fraction, and inclusion content using a LECO (Leco Corp., 
St. Joseph, MI) automatic image analyzer. Identification and 
analysis of inclusions were carried out using a scanning elec- 
tron microscope (SEM) equipped with an energy-dispersive x- 
ray (EDX) analyzer. 

Transmission electron microscopy (TEM) studies were per- 
formed using thin foils. For this purpose, thin slices (0.2 ram) 
were cut in a transverse-longitudinal (T-L) orientation using a 
Buehler (Buehler, Ltd., Lake Bluff, IL) isomet slow-speed saw. 
These slices were mechanically ground to a 0.1 mm thickness. 
Disks with a diameter of  3 mm were then punched from the 
ground slices and electropolished in a Fischione (Fischione, 
E.A., Instruments, Inc., Export, PA) twin-jet polisher using an 
electrolyte of 10% perchloric acid and 90% acetic acid at 10 ~ 
A polishing voltage of  12 V was maintained. The thin foils were 
examined using a JEOL 200CX TEM operating at 160 kV. 

2.3 Testing 

Tensile testing was performed at room temperature accord- 
ing to ASTM standard E 8 (Ref4). Yield strength (YS), ultimate 
tensile strength (UTS), percentage elongation (%E), and ratio 
of  yield strength to ultimate tensile strength (YSAJTS) results 
were obtained for both steels. Average values were determined 
by testing a minimum of  three samples for each steel. Charpy 
impact testing was carried out per ASTM standard E 23 (Ref 5) 

Table I Chemical compositions of experimental steels 

Element, Steel 
wt % C-Mn C-Mn-Nb 

Carbon 0.16 0.ll 
Manganese 1.40 1.20 
Silicon 0.27 0.26 
Phosphorus 0.017 0.015 
Sulfur 0.014 0.010 
Aluminum 0.035 0.020 
Niobium 0.030 
Nitrogen 0.0})47 0.0068 
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on longitudinal-transverse (L-T) oriented V-notch specimens 
at temperatures ranging from room temperature to -80  ~ 
Ductile-to-brittle transition temperature (DBTT) curves were 
generated from these impact energy values. The DBTI" was de- 
fined at a temperature corresponding to an impact energy value 
of  20 J. 

2.4 Weldability 

Weldability aspects of the steels were studied in terms of  
HAZ toughness. In a real weld joint, the HAZ is relatively thin 
and irregular in shape. This geometry is very difficult to test by 
standard methods to get a true picture of  HAZ properties. To 
solve this problem, Charpy-sized sample blocks of both the 
steels were treated for HAZ simulation using a Smitweld ther- 
mal cycle simulator. Thermal cyclings were given with a peak 
temperature of 1250 ~ and cooled at different rates from 800 

(a) 

(b) 

Fig. 1 Video-optical micrographs. (a) C-Mn. (b) C-Mn-Nb 

to 500 ~ to achieve desired heat inputs of 1.6, 3.4, and 4.5 
kJ/mm. These heat inputs were selected to cover the typical 
heat inputs in manual metal-arc and submerged-arc welding 
practice followed in ship construction. Simulated samples were 
then V-notched in the L-T orientation for impact testing. Impact 
energy testing was carried out only at -30  ~ due to the limited 
availability of  simulated samples. Microhardness measure- 
ments were also carried out on simulated HAZ samples using a 
Vickers microhardness tester. 

3. Results 

3.1 Microstructural Characterization 

Video-optical micrographs of both steels are shown in Fig. 
1. The light and dark phases in the micrographs are ferrite and 
pearlite, respectively. Severe pearlite banding was observed in 
plain C-Mn steel. Pearlite and ferrite volume fractions and fer- 
rite grain-size measurement results for both steels are illus- 
trated in the bar graphs of Fig. 2. The C-Mn-Nb steel exhibited 
a smaller ferrite grain size with lower pearlite content com- 
pared to plain C-Mn steel. 

For inclusion analysis, the polished samples first were ob- 
served under an optical microscope and classified on the basis 
of  their reflectivity/coior and morphology. Light gray elon- 
gated inclusions and dark globular inclusions were visible in 
both steels. Subsequent SEM/EDX analysis confirmed that the 
majority of the elongated inclusions were manganese sulfides 
(Fig. 3) and that the dark globular inclusions were alumina ox- 
ides (Fig. 4). Various inclusion parameters such as length, 
width, aspect ratio, and volume fraction of the elongated sul- 
fides and globular or stringer oxides were also obtained using 
an image analyzer. Typical video-optical micrographs showing 
inclusion distribution in polished samples of  both steels are 
presented in Fig. 5. Size distribution of  the sulfide and oxide in- 
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Fig. 2 Area fraction of ferrite and pearlite and ferrite grain size 
in the C-Mn and C-Mn-Nb steels 
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(a) (b) (c) 

Fig. 3 SEM/x-ray mapping showing the presence of elongated manganese sulfide inclusions in the C-Mn steel 

(a) (b) 
Fig. 4 SEM/x-ray mapping showing the presence of globular alumina oxide inclusions in the C-Mn steel 

clusions in both steels is shown in Fig. 6. Results of all these mi- 
crostructural parameters are summarized in Table 2. As seen 
from the volume fraction measurements of both steels, the in- 
clusion population in the C-Mn-Nb steel is smaller, which 
could be due to low sulfur, phosphorus, aluminum, and manga- 
nese content in this steel. 

3.2 Tensile Testing 

Tensile testing results in the form of bar graphs are shown in 
Fig. 7. These results are the average values of a minimum of 

three tests for each steel. The C-Mn-Nb steel shows a higher 
yield strength as well as a higher YS/UTS ratio and a lower per- 
centage elongation compared to plain C-Mn steel. 

3.3 Charpy Impact Energy 

The DBT[' curves for both steels are illustrated in Fig. 8. 
The impact value at each temperature is the average of at least 
three samples tested. The upper shelf energy value at room tem- 
perature is higher in the C-Mn-Nb steel. However, at suhzero 
temperatures. C-Mn-Nb showed lower impact energy than 
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(a) (b) 

Fig. 5 Video-optical micrographs showing inclusion distribution. (a) C-Mn. (b) C-Mn-Nb 

plain C-Mn steel. The DBTT defined at 20 J was found to be 
-74  and -52 ~ for C-Mn and C-Mn-Nb, respectively. 

3.4 HAZ Toughness 

Impact energy values obtained on simulated HAZ samples 
tested at -30  ~ are shown in Fig. 9. The C-Mn-Nb steel shows 
lower impact values for all heat inputs. At higher heat input, the 
difference in impact values of  the two steels is more pro- 
nounced. Microhardness measurements also show higher HAZ 
hardness in the C-Mn-Nb steel compared to plain C-Mn steel 
(Fig. 10). 

4. Discussion 

The major microstructural differences observed in these two 
steels involved pearlite banding, ferrite grain size, and volume 
fraction of nonmetallic inclusions. The prominent banded fer- 
rite-pearlite structure was seen in the C-Mn steel. In general, 
the banded structure in steels is produced by chemical hetero- 
geneity due to dendritic or small-scale segregation during cool- 
ing of  ingots. The detailed mechanism of  banded structure 
formation in steels is extensively discussed by Bastein (Ref 6). 
Most of  the impurities and alloying elements result in dendritic 
segregation. However, the extent of such segregation depends 
on the nature of the element and its concentration in the steel. 
As reported in the literature (Ref 6), among the metals and non- 
metals, manganese, carbon, phosphorus, and sulfur are consid- 
ered to have a marked ability to produce banded structure due 
to segregation. The proportion of  these elements was greater in 
the case of  the C-Mn steel, which could he the reason for the se- 
vere banding observed in this steel. 

The controlled-rolled C-Mn-Nb steel shows a finer ferrite 
grain size as compared to the hot-rolled and normalized plain 
C-Mn steel. The mechanism of achieving such fine ferrite grain 
size of microalloyed steels by controlled rolling has been ex- 
tensively studied over the last 25 years by several investigators 
(Ref 7-11 ). It has been clearly established that at higher defor- 

marion temperatures during rolling of  niobium-microalloyed 
steel, relatively coarse niobium carbonitride [Nb(C,N)] parti- 
cles precipitate and restrict grain-boundary migration so that 
austenite grain growth is restricted in the niobium-microal- 
loyed steels as compared to plain C-Mn steels. However, at 
lower temperatures, delay in austenite recrystallization is 
caused by niobium in solution in the austenite. It has also been 
demonstrated that niobium addition is most effective in retard- 
ing the recrystallization of austenite. Thus, both dissolved nio- 
bium and fine Nb(C,N) precipitates retard recrystallization of 
austenite. Further deformation of  austenite accelerates nuclea- 
tion of  numerous strain-induced fine Nb(C,N) precipitates, 
which act as nuclei for austenite-to-ferrite transformation and 
thus promote the development of very fine ferrite grains. 

To examine the microstructural features and presence of 
Nb(C,N) precipitates in controlled-rolled C-Mn-Nb steel, thin- 
foil samples were observed under the TEM. Typical TEM mi- 
crographs of this steel (Fig. 11) show fine spacing of pearlite 
with highly dislocated ferrite. However, the presence of  fine 
Nb(C,N) precipitates could not be detected using the present 
sample preparation technique. This needs further TEM investi- 
gation using tedious chemical extraction methods and replica 
techniques to determine the size/shape distribution of niobium 
precipitates. Hence, the presence of niobium in the steel was 
confirmed only by repeated chemical analysis. 

The finer grain size and fine Nb(C,N) precipitates are the 
two important strengthening parameters which contribute to 
the higher yield strength observed in the C-Mn-Nb steel (453 
N/ram 2) compared to the C-Mn steel (350 N/mm2). Various 
equations are available in the literature for determining the con- 
tribution of each parameter and predicting the yield strength of 
the ferrite-pearlite steels. One such equation has been proposed 
by Kouwenhoven (Ref 12) to predict yield strength on the basis 
of quantitative effects of various compositional and micro- 
structural factors: 

YS (N/mm 2) = 54Vt+  [380 + 94 (%Mn)]Vp + 72(%Si) 

+ 26(dr) 1/2 (Eq 1) 
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Fig. 6 Size distribution of sulfide (a) and oxide (b) inclusions in C-Mn and C-Mn-Nb steels 

Table 2 Mierostructural parameters 

Parameter 
Steel 

C-Mn C-Mn-Nb 

Ferrite grain size, p_m 
Pearlite content, % 
Inclusion rating 
Sulfide 
Alumina 
Silicate 
Globular 

Area fraction of 
total inclusions, % 

Average size of 
sulfide inclusions, lam 

Average size of 
oxide inclusions, tam 

Thin 
0.5 
2.5 

4.0 

12.00• 
24.69• 

0.10• 

7.24• 

3.82• 

Heavy Thin 
1.0 
2.0 
0.5 
2.0 

8.00• 
16.34• 

0.06• 

6.96• 

3.38• 

Heavy 

where Vf is volume fraction of ferrite, Vp is volume fraction of  
pearlite, and df is ferrite grain size (mm). Equation 1 accounts 
for the strengthening contribution by lattice friction, solute ele- 
ments, and grain-size effect, but does not include strengthening 
due to microalloying additions. Using this equation, the pre- 
dicted strength of  C-Mn steel was found to be 363 N/mm 2, 
which was slightly higher than the experimentally observed 
value (350 N/mm2). However, in the case of niobium-contain- 
ing steel, the predicted strength was 405 N/mm 2, which was 
much lower than the experimentally observed value (453 
N/mm2). This short fall in the predicted YS value of niobium- 
containing steel clearly implies that 0.03% Nb addition in- 
creases the strength roughly about 50 N/ram 2 due to a 
precipitation-hardening effect. 

This precipitation-hardening effect can be predicted inde- 
pendently using a well-known Orowan model (Ref 13): 

(Yppt = C/I (Eq 2) 

where (Yppt is the precipitation strengthening increment, C is a 
material constant, and I is interparticle spacing. Based on this 
model, the equation relating Gpp t (ksi) with niobium (wt%) and 
precipitate size, D (/~), was found to be (Ref 14) 

Gpp t = [1000/D][(Nb)I"3 _ 0.12] (Eq 3) 

Equation 3 predicts the strengthening power of  niobium at dif- 
ferent precipitate sizes. 

The Orowan model was subsequently modified by Ashby 
(Ref 15). Based on this Ashby-Orowan model, work of Glad- 
man et al. (Ref 16) has shown that C~pp t (MPa) is related to vol- 
ume fraction of fine precipitate, f, and mean planar-intercept 
diameter of precipitates, X(mm), as: 

(Yppt = [(5.94f/X)][ln(X/b)] (Eq 4) 
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Fig. 9 Influence of niobium microalloying on HAZ toughness 
with different heat inputs 

where b is the Burger's vector in the slip direction, which is 2.5 
]~ for ferrite, and the mean planar-intercept diameter, X, is re- 
lated to the mean precipitate diameter, D, observed in a thin-foil 
specimen (Ref 17) as: 

X = D ( r  

A close agreement between precipitation strengthening indi- 
cated by the difference between the observed yield strength and 
the value predicted by Eq 1 and the value predicted by Eq 4 is 
reported by Gladman et al. (Ref 16). 
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Fig. 10 Variation of microhardness as a function of niobium 
and heat input 

The increased yield strength due to niobium addition in the 
steel has an adverse effect on plastic deformation charac- 
teristics. This has been reflected in a lower value of  the percent- 
age elongation and a higher YS/UTS ratio of the 
niobium-containing steel. Since both these parameters control 
the formability of the steel, it is important that they have opti- 
mum values. The low strain-hardening properties related to a 
high YS/UTS ratio are sometimes considered to indicate a low 
energy absorption potential of the steel and therefore a higher 
risk of  failure. Thus, some rules exclude the use of microal- 
loyed steels having a YS/UTS ratio higher than 0.75 (Ref 18). 
The present trend in alloy design (as applicable to C-Mn-Nb 
steel) toward increased yield strength, better notch toughness, 
and lower carbon equivalent for improved weldability leads to 
a higher YS/UTS ratio, particularly when the carbon content is 
low. Hence, a carbon content of  0.15 to 0.16% is desirable  in 
the steel to maintain an optimum YS/UTS ratio. In this re- 
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(a) (b) (c) 

Fig. 11 TEM micrographs of C-Mn-Nb steel. (a) Ferrite and pearlite. (b) Fine spacing of pearlite. (c) Highly dislocated ferrite 

(a) 

Fig. 12 
kJ/mm 

(b) (c) 

Video-optical micrographs of simulated HAZ samples of C-Mn steel at different heat inputs. (a) 1.6 kJ/mm. (b) 3.4 k J/ram. (c) 4.5 

(a) (b) (e) 

Fig. 13 Video optical micrographs of simulated HAZ samples of C-Mn-Nb steel at different heat inputs. (a) 1.6 kJ/mm. (b) 3.4 kJ/mm. (c) 
4.5 k J/ram 

spect,C-Mn steel seems to be a safer choice than niobium-mi- 
croalloyed steel as a ship hull construction material. 

As has been shown, the two factors governing the strength 
of the niobium-added steel are grain size and carbide/carboni- 
tride dispersion hardening. When impact properties are consid- 
ered, the picture becomes more complicated. As Fig. 8 shows, 

the DBTT of C-Mn-Nb steel (-52 ~ is higher by about 22 ~ 
than plain C-Mn steel (-74 ~ It was expected that the nio- 
bium-added steel would produce a lower DBTT since it has a 
lower inclusion content and finer ferrite grain size. Earlier 
works of various investigators (Ref 19-22) recognized the role 
of inclusions in reducing the ductility and toughness of various 
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(a) (b) 

(c) 

Fig. 14 TEM micrographs of simulated HAZ region at 1.6 kJ/mm. 

steels. The detrimental effect of  sulfide inclusions is also 
clearly shown in recently published work (Ref 23). Similarly, 
the strong influence of grain size on impact transition tempera- 
ture is reported by Petch (Ref 24), who has shown that for each 
unit increase in d -1/2 (mm-1/2), the transition temperature is de- 
creased by 11.5 ~ Since our results show a low volume frac- 
tion of  inclusions and fine ferrite grain size in the case of the 
C-Mn-Nb steel, this should have improved the low-tempera- 
ture notch toughness of  the material. However, the results indi- 
cate the adverse effect of strengthening due to Nb(C,N) 
precipitation on DBTT, which counteracts the favorable effect 
of  low inclusion content and fine grain size. The net result of 
these factors is a positive rise in DBTT in the case of niobium- 
added steel. 

The detailed work carried out by Morrison and Woodhead 
(Ref 25) on the effect of niobium on impact transition tempera- 
ture suggested that the precipitation of Nb(C,N) in the austenite 
reduces the ferrite grain size and also increases the resistance of 
ferrite lattice to plastic deformation (~i) and dislocation lock- 
ing stress parameter (Ky). B o t h  o" i and Ky are dependent on the 
amount of precipitates and elements in solid solution of ferrite. 
However, their results did not enable the authors to distinguish 
between the two effects. Subsequently, Morrison (Ref 26) has 

(d) 

(a) and (b) C-Mn steel. (c) and (d) C-Mn-Nb steel 

indicated that only (3" i is affected by niobium addition; this was 
further confirmed by the extensive work of Phillips et al. (Ref 
27). Therefore, the major effect of niobium addition on impact 
properties is by precipitation of  fine Nb(C,N) and not as a solid- 
solution hardener. Thus, niobium addition, although it refines 
ferrite grain size, has a detrimental effect on impact transition 
temperature by increasing the resistance of  ferrite lattice to 
plastic deformation. Our results are also in accordance with 
earlier researchers (Ref 28, 29) who reported that the fine car- 
bonitride precipitates of niobium or vanadium increase the im- 
pact transition temperature by about 0.3 to 0.5 ~ for each 1 
MPa increase in yield stress by precipitation strengthening. 

Charpy testing at -30  ~ of simulated HAZ specimens also 
shows lower impact values in niobium-added steel. Optical mi- 
croscopic studies of  simulated HAZ regions of both steels 
showed upper bainite as dominant mierostructural constituent, 
with colonies of parallel ferrite plates containing thin, elon- 
gated, dark carbides. Video-optical micrographs of HAZ re- 
gions of plain C-Mn and C-Mn-Nb steels for different heat 
inputs showing these features are presented in Fig. 12 and 13, 
respectively. To gain further details of  microstructural features, 
TEM studies on simulated HAZ regions were carried out. 
Transmission electron micrographs at different heat inputs for 
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(a) (b) 

(c) 

Fig. 15 TEM micrographs of simulated HAZ region at 3.4 kJ/mm. 

both steels are illustrated in Fig. 14 to 16. This study clearly re- 
vealed that at lower heat input (1.6 kJ/mm)--that is, at a faster 
cooling rate--both steels show mixed upper and lower bainitic 
structure. Characteristics of upper bainitic structure with inter- 
lath cementite film or spheroids at the ferrite lath boundaries 
and lower bainite with intralath cementite are seen in Fig. 14. In 
addition to cementite spheroids, the presence of very fine 
Nb(C,N) precipitates are also visible in the case of niobium- 
added steel (Fig. 14c). 

At higher heat input (3.4 and 4.5 kJ/mm)--that is, at a 
slower cooling rate--both steels show the presence of pearlitic- 
bainitic structure. However, in the case of niobium-added steel, 
the presence of some dark regions was also evident, which 
could be islands of martensite (Fig. 15d). Also, the niobium- 
added steel showed the presence of cementite at the ferrite 
grain boundary as well as fine Nb(C,N) precipitates at the dis- 
located substructure within ferrite grains (Fig. 16c). These fea- 
tures in the case of niobium-added steel also resulted in higher 
microhardness values in the HAZ region compared to plain C- 
Mn steel. Thus, the HAZ toughness reduction in niobium- 
added steel, particularly at higher heat input, is because of the 
mixed pearlitic-bainitic-martensitic structure having higher 
hardness due to the added effect of precipitation hardening. 

(d) 

(a) and (b) C-Mn steel. (c) and (d) C-Mn-Nb steel 

Further research is in progress on controlled rolling coupled 
with controlled cooling of niobium-microalloyed steel to 
achieve favorable size/shape distribution of Nb(C,N) precipi- 
tates. This may help to improve the DBTT and HAZ toughness 
properties of niobium-microalloyed steel. 

5. Conclusions 

�9 Niobium microaddition in the controlled rolled C-Mn steel 
results in higher yield strength due to the precipitation of 
fine niobium carbonitrides. 

�9 High ductile-brittle transition temperature (DBTT at 20 J) 
in the case of niobium-added steel is due to the adverse ef- 
fect of precipitation strengthening, nullifying the favorable 
effect of fine grain size and lower inclusion and pearlite 
contents on DBTT. 

�9 Heat-affected zone toughness reduction in C-Mn-Nb steel 
is due to the presence of an upper bainitic structure with 
martensitic islands that possess higher hardness due to the 
added effect of precipitation strengthening. 
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(a) (b) 

(c) 

Fig. 16 TEM micrographs of simulated HAZ region at 4.5 kJ/mm. (a) and (b) C-Mn steel. (c) C-Mn-Nb steel 
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