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To identify and determine the optimal alloy design of Ti, the toughness in simulated coarse-grained heat affected
zone (CGHAZ) of API 5L grade X70 steels with Ti/N ratios ranged from 1.9 to 4.9 was evaluated using Charpy V-
notch (CVN) testing and crack tip opening displacement (CTOD) testing. A Gleeble 3500 thermo-mechanical sim-
ulator was utilised to produce the simulated CGHAZwith equivalent heat input of 2.5 kJ/mm. The CGHAZmicro-
structures including prior austenite grain size and precipitation were examined using optical microscope (OM),
scanning electronmicroscope (SEM) and transmission electronmicroscope (TEM). The results show that themi-
crostructural constituents in the simulated CGHAZ for different Ti/N ratios consisted of bainitic ferrite and a small
amount ofmartensitic-austenitic (M-A) constituents. In the studied range of Ti/N ratios, the statistical analysis of
precipitates revealed that Ti/N ratio has little influence on the average precipitation size, whichwas controlled in
a tight range (52–57 nm). However, at near-stoichiometric Ti/N ratio, higher number density of precipitates in
the simulated CGHAZ certainly contributed to the finer austenite grain size and hence improved CGHAZ
toughness performance.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

As the increase of energy consumption year by year, pipeline steels
are developed towards high strength, superior toughness and excellent
weldability for the efficient use of materials [1–5]. Among of all, the
toughness is a key factor that restricts the extensive applications of
high strength pipeline steels in the energy industry [6]. It is known
that utilisation of thermo-mechanical controlled processing (TMCP)
can significantly refine the grains. Thus, a combination of high strength
and excellent toughness can be achieved in the base metal (BM). How-
ever, during the welding process, the desirable microstructure obtained
in the BM can be modified by the severe welding thermal cycles. The
weld heat affected zone (HAZ), especially the coarse-grained HAZ
(CGHAZ), exhibits much lower toughness compared with the BM, due
to the loss of the grain boundary pinning effect frommicroalloying pre-
cipitates and hence the occurrence of grain coarsening in this region.

The CGHAZ is considered to be the most critical region within the
weld HAZ for single pass welds and largely determines the toughness,
especially for high heat input welds. Considerable efforts have been
made to evaluate the fracture toughness in the HAZ of pipeline steels
using numerous testing methodologies [7–12]. The values from Charpy
V-notch (CVN) testing and crack tip opening displacement (CTOD)
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testing have been regarded as important indexes to assess the tough-
ness of steel materials. CVN testing was extensively used as a pre-
qualificationmethod for the evaluation of HAZ toughness due to the ad-
vantages of simple sample preparation, inexpensive testing procedures
and easy data analysis [12–14]. On contrast, CTOD testing, as a fracture
mechanics basedmethod, is complicated but better for the understand-
ing of fracture mechanics [15,16]. The CTOD testing, which is sensitive
to the fracture initiation and propagation, can reveal the local brittle
zone as evidenced by the presence of “pop-in” in the displacement-
time curve [17–19].

There have been numerous factors in controlling the CGHAZ tough-
ness, including welding parameters, phase transformation, etc. However,
the grain growth in the CGHAZ is themain concern. Small addition of Ti is
beneficial to grain size control in the CGHAZ, as TiN precipitateswith high
thermal stability, can form and pin the grain boundaries at high tempera-
ture, thereby restricting austenite grain growth in the CGHAZ. The varia-
tions in Ti, N concentrations and Ti/N ratios are essential for the control of
mechanical properties in the CGHAZ. However, the optimal levels of Ti, N
and Ti/N ratio are controversial in the open literatures [20–23]. Different
published research work carried out previously in an attempt to identify
the optimal Ti, N levels and Ti/N ratioswere very different and sometimes
even contradict, due to the various discrepancies (for example, the alloy
design, thermal history, experimental conditions, etc.) [24]. Moreover,
this topic is still not in good agreement in international standards and
during the procurement of line pipes. US pipeline specifications API 2W
andAPI 2H set a limit of Ti level to below0.02wt.% and the recommended
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Fig. 1. The typical microstructure of the BM for the studied X70 grade steels.
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Ti/N ratio is 2; API 5L allows maximum 0.06 wt.% of Ti additions with no
particular control of Ti/N ratio. Furthermore, Australian Standard
AS2885 does not address this issue at all.

In this context, for better understanding the significance of Ti/N ratio
on the precipitation behaviour and fracture toughness in the HAZ, a se-
ries of API 5L grade X70 steels with different Ti/N ratios were investigat-
ed. The steels were subjected to a welding thermal cycle experienced in
the CGHAZwith equivalent heat input of 2.5 kJ/mm. Themicrostructure
and precipitates in the simulated CGHAZ were also observed. Mean-
while, the toughness of simulated CGAHZ was assessed using CVN and
CTOD testing. The influence of precipitate distribution on the micro-
structural evolution and toughness of the CGHAZ will be discussed in
the present paper.

2. Experiments

A series of API 5L grade X70 steels containing different Ti, N concen-
trations and various Ti/N ratios but otherwise almost identical were in-
vestigated. The chemical compositions of the studied steels are shown
in Table 1. The Ti/N ratio ranges from 1.9 to 4.9. These steels display
good strength properties (yield strength: 520–605 MPa; tensile
strength: 595–675 MPa) and excellent low temperature toughness
(CVN impact energy N200 J at −40 °C), which satisfies the require-
ments of pipeline specifications. The superior balanced mechanical
properties are due to the formation of fine ferriticmicrostructure during
TMCP. The BM microstructure of different Ti/N ratios was very similar,
and the typical microstructure for these steels is shown in Fig. 1,
which consists of fine polygonal ferrite with a small amount of pearlite
islands discontinuously distributed along the ferrite grain boundaries.
The average ferrite grain size was approximately 5 μm, and the Vickers
hardness (load: 1 kg) was approximately 195 HV1.

To evaluate the microstructure and mechanical properties in the
CGHAZ, the samples with dimensions of 10 × 10 × 75 mm3 (for CVN
testing) and 10 × 20 × 92 mm3 (for CTOD testing) for weld HAZ
thermo-mechanical simulations weremachined from the studied steels
with thickness of 14.1 mm. The weld HAZ simulations were carried out
using a Gleeble 3500 thermo-mechanical simulator. After several trials
of different free spans, a 15mm free spanwas chosen for thermal cycles
to provide a relatively wide thermally cycled zone with homogeneous
microstructure and properties of CGHAZ. The simulation sample config-
uration and simulation schedule are illustrated in Fig. 2. The simulation
was performed in a vacuum chamber to minimise the oxidation on the
sample surface. The processing involved heating the samples to 1350 °C,
holding for 0.5 s and controlled cooling to 200 °Cwith cooling time from
800 °C to 500 °C to be 38.5 s (equivalent heat input of 2.5 kJ/mm). For
accurate control of temperature, K-type thermocouples were spot
welded in the middle of the sample surface. In addition, before
performing microstructural analysis and mechanical testing, micro-
structural observations of the samples for CGHAZ simulation trials sug-
gested that the regions subjected to the desirable CGHAZ thermal
treatment at the sample mid length were approximately 7 mm and
3.5 mm for both CVN and CTOD specimens respectively.

One sample of each studied steel experienced CGHAZ simulation
was selected for microstructural analysis. The samples were cut from
the middle where the thermocouples were located. Then the middle
cross-sectionwasmountedwith resin, grinded andpolished to 1 μm.Af-
terwards, the samples were etched in 2 vol.% HNO3 in ethanol solution
Table 1
The chemical compositions of the studied API 5L gradeX70 steels (in ppm for Ti andN con-
tents; in wt.% for others).

Steel C Si Mn Mo V Nb Ti N Ti/N Ni + Cr + Cu

1 0.045 0.22 1.60 0.146 0.023 0.052 60 32 1.9 0.38
2 0.047 0.23 1.62 0.144 0.023 0.055 87 27 3.2 0.37
3 0.051 0.22 1.57 0.150 0.024 0.055 83 17 4.9 0.38
to reveal the microstructure and then observed using JEOL 6490 scan-
ning electron microscope (SEM) and 7001F field emission gun SEM for
high magnification observation of precipitates. After the SEM micro-
structural examination, the samples were re-polished and etched in
picric acid at 68 °C to reveal the prior austenite grain boundaries. Then
Fig. 2. CGHAZ simulation using a Gleeble 3500 simulator: (a) sample chamber showing
the simulation configuration; (b) the welding thermal cycle employed for the simulation
of CGHAZ.
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the sampleswere observed using a Leica DMRopticalmicroscope (OM).
The prior austenite gran size was measured using planimetric method
and thus statistically analysed.

To further characterise the precipitates, the fresh etched surfaces
(etched with 2 vol.% nital) were coated with carbon in a vacuum cham-
ber for the preparation of carbon replicas. The extraction of the precip-
itates embedded in the carbon film was performed in 8 vol.% HNO3 in
ethanol solution. After the extraction process, Cu-grids with a diameter
of approximately 3 mmwere used to support the carbon films. Finally,
the replicas were analysed using a JEOL 2011 transmission electron mi-
croscope (TEM). The precipitate size was measured using an image
analyser.

The Vickers hardness for the simulated samples was measured on a
DuraScan 70 hardness tester with a load of 1 kg. Five measurements
were recorded for each sample and the average values were regarded
as the hardness values. The simulated samples with size of
10 × 10 × 75 mm3 were shortened to 55 mm in length and V-notched
with T-L orientation according to ASTM E23. The CVN testing was con-
ducted on an Instron Charpy impact tester. For CTOD testing, the sam-
ples with size of 10 × 20 × 92 mm3 were precisely notched and pre-
cracked with T-L orientation based on ISO 12135. Both the CVN and
CTOD testing was conducted at temperature of −20 °C. For each sam-
ple, three valid tests were used for both CVN and CTOD testing to calcu-
late the average values and standard deviations. The impact energies
Fig. 3. Lowmagnification SEMmicrographs (a, c & e) showing themicrostructure and highmagn
simulated CGHAZ observed using field emission gun SEM for different Ti/N ratios (etched in 2%
and CTOD values of the simulated CGHAZ were recorded during the
testing. The fracture locations of all tested samples did not beyond the
CGHAZ treated region at the sample mid length, which ensures the reli-
able and accurate tests. Finally, the fracture surfaces were analysed by
using a JEOL 6490 SEM.

3. Results

3.1. OM & SEM study of microstructure

The SEMmicrographs with low and high magnifications of simulat-
ed CGHAZ for the studied X70 steels are shown in Fig. 3. From the low
magnification micrographs (Fig. 3a, c & e), the steel microstructure
mainly consisted of bainitic ferrite with morphology of parallel laths
aligned within the prior austenite grains and a small amount of M-A
islands discontinuously distributed between the ferrite laths. Also, pre-
cipitates of microalloying elements were observed in the high magnifi-
cation SEM micrographs (indicated by white arrows in Fig. 3b, d & f).
The influence of Ti/N ratio on the microstructure constituents was not
apparent in the studied range of Ti and N levels. To further investigate
the influence of Ti/N ratios, the prior austenite grain size in the simulat-
ed CGHAZwas statistically analysed. As shown in Table 2, the simulated
CGHAZ of Steel 2 with near-stoichiometric Ti/N ratio (3.2) has the finest
average austenite grain size (68 μm), followed by Steel 3 (78 μm) and
ification SEMmicrographs (b, d & f) indicating the precipitates (as the arrows indicated) in
nital): (a)–(b) Ti/N = 1.9; (c)–(d) Ti/N = 3.2; (e)–(f) Ti/N = 4.9.



Table 2
Average austenite grain size and percentage of fine grains (b80 μm) in simulated CGHAZs
of steels with different Ti/N ratios (the numbers in the brackets are standard deviations).

Steel no. Ti/N ratio Average grain size, μm Percentage of fine grains (b80 μm)

1 1.9 84 (36) 51
2 3.2 68 (27) 71
3 4.9 78 (32) 59

Table 3
The average precipitates size and density of precipitates in simulated CGHAZs for steels
with different Ti/N ratios (the numbers in the brackets are standard deviations).

Ti/N Average precipitate size, nm Density of precipitates, μm−2

1.9 57 (20) 0.32
3.2 52 (24) 0.53
4.9 52 (24) 0.37
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Steel 1 (84 μm). Moreover, Steel 2 had 71% of fine grains (i.e. finer than
80 μm), higher than the percentages of Steel 3 (59%) and Steel 1 (51%)
respectively [25,26].

3.2. TEM study of precipitation

Plenty of bright field images were taken from a large area of the car-
bon replicas for the studied CGHAZ samples. The precipitate sizes were
measured and calculated using image processing software. The size dis-
tribution of precipitates in each simulated CGHAZ was presented in
Fig. 4. The TEM characterisation of CGHAZ carbon replicas revealed the
presence of 20 to 160 nm-sized precipitates for all Ti/N ratios. As
shown in Table 3, the average precipitate sizes of the three samples
were at the same level (52–57 nm). It may be concluded that the varia-
tions in Ti/N ratio have no obvious impact on the precipitation behav-
iour in the CGHAZ. However, a close examination of the precipitate
distribution suggested that the sample of Steel 2 with near-
stoichiometric Ti/N ratio exhibited slightly higher percentage of fine
precipitates (Fig. 4). Furthermore, the number density (numbers of pre-
cipitates per unit area) of the studied samples was calculated. As the
precipitates are not uniformly distributed in the studied samples, five
replicas were observed for each material to ensure that the density sta-
tistics was randomly from a large area. Hundreds of bright field images
were randomly captured from many grids of the carbon replicas, irre-
spective of the number of precipitates in the image. Then added the
numbers of precipitates counted from each image, divided by the sum
of area all images covered, and the number density of precipitates was
obtained for the comparison in this study. It is interesting to find that
the number density of precipitates in the simulated CGHAZ of Steel 2
was significantly higher when compared to the others (Table 3).

As shown in Fig. 5, the TEM-EDS analysis of typical precipitates has
shown that both the cuboidal and spheroidal particles contained Ti,
Nb and V, but the EDS peaks of Ti were much higher than the peaks of
Nb and V, indicating the precipitates observed were Ti-rich [26]. It
Fig. 4. The precipitate size distribution in simulated CGHAZs for various Ti/N ratios.
should be noted that the peaks of Cu were from the Cu-grids that
were used for supporting the carbon replicas. As shown in Fig. 6, some
coarse precipitates larger than 200 nmwere also occasionally observed
[26]. This was due to the relatively low Ti and N contents in the steels
studied, and thus significant TiN particle coarsening was not frequently
observed in this study. The corresponding EDS analysis indicated that
the coarse particles were Ti, Nb and V complex carbonitrides. Based on
the observations and EDS analyses of all CGHAZ samples (not all pre-
sented here), the Ti/N ratio in the studied range does not evidently af-
fect the morphology and chemical composition of particles in the
simulated CGHAZ.

3.3. Mechanical properties

The Vickers hardness numbers, CVN impact energies and CTOD
values of the simulated CGHAZ samples were summarised in Table 4.
The hardness testing has shown no significant variation in the Vickers
hardness (in a tight range of 211–214 HV1) as a function of Ti/N ratio.
The hardness values meet the requirements of line pipe specifications
and far below the critical value (350 Vickers points) for the welding
cold cracking [27]. The Charpy impact energy in the simulated CGHAZ
of Steel 2 achieved the highest value (85 J) among the simulated
CGHAZs of the studied steels. The relatively large standard deviation
of the impact energy may be due to that the CVN testing temperature
(−20 °C) was close to the ductile-brittle transition temperature
(DBTT) of the studied materials. At the near-stoichiometric ratio, the
simulated CGHAZ of Steel 2 exhibited the highest CTOD value
(0.058 mm). Thus, the variation in the CTOD value tested at −20 °C
for all the studied samples was similar to the trend of impact energy,
which has been proven by numerous investigators [13,28–31], stating
the positive correlation and transferability between CVN impact energy
and CTOD value.

Fig. 7 shows the typical examples of SEM fractographs for fracture
surfaces of the simulated CGHAZ after CVN testing. The evidence for
cleavage fracture is clear for the simulated CGHAZ with different Ti/N
ratios, which is indicated by the apparent river patterns with tearing
ridges and flat facets observed in the central region of CVN fractured
surfaces. The micrographs in Fig. 7a–c show relatively flat fracture sur-
faces, which is indicative of brittle fracture for different Ti/N ratios.
The percentage of shear areawas also evaluated for the fracture surfaces
after CVN testing. As shown in the embedded macrographs in Fig. 7a–c,
the percentage of shear area is estimated to be 30% (Steel 1), 40% (Steel
2) and 20% (Steel 3) respectively, whichmatcheswellwith the values of
CVN impact energy. Additionally, it is noted in themacrographs that the
lateral deformation of different Ti/N ratios during the impact testing is
slightly different. Sample of Steel 2 with Ti/N ratio of 3.2 exhibited the
largest lateral deformation, followed by samples of Steel 1 and Steel 3.
This is in accord with the CVN impact energy results that the highest
average impact energy achieved in Steel 2 sample.

4. Discussion

According to themicrostructural classification of Krauss et al. [32], in
the studied samples the microstructural constituents inside the prior
austenite grains were the major phase of bainitic ferrite and the minor
secondary phase of M-A islands. Moreover, the transformation behav-
iour during the cooling process of HAZ thermo-mechanical simulation



Fig. 5. Typical precipitates observed in the simulated CGHAZ and the corresponding EDS analyses (as the arrows in (a) and (c) indicated).
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was estimated based on the chemical compositions and processing pa-
rameters. During cooling, bainitic ferrite was firstly formed as the dom-
inant phase. The carbon diffused from the newly formed bainitic ferrite
to the untransformed austenite and thus stabilised the austenite. With
further cooling the austenite partially transformed into martensite,
thus M-A islands formed (i.e. the mixture of martensite and retained
austenite). Hence, this estimation was consistent with the microstruc-
ture of bainitic ferrite and M-A islands observed in the simulated
CGHAZ (Fig. 3). Variations in Ti/N ratio therefore did not influence the
type of microstructure constituents. This can be also supported from
the hardness that is recognised to be a good indicator of microstructure.
The hardness results revealed that the average hardness values of sim-
ulated CGHAZwith different Ti/N ratioswere very similar and the corre-
sponding standard deviations were small.

The presence of precipitates of microalloying elements can signifi-
cantly influence the mechanical properties of line pipe steels, which is
a function of the steel chemistry and processing parameters. In the cur-
rent study, the steel samples were manufactured using the same pro-
cessing parameters, which excluded the effect of processing. For the
simulated CGHAZ, from the EDS analysis (Figs. 5 & 6), the majority of
the precipitates were Ti-rich (Ti,Nb,V)(C,N) complex precipitates. This
can be attributed to the relatively low free energy for TiN formation,
high diffusion coefficient of Ti element in austenite, and thus high ten-
dency to precipitate out compared to other microalloying elements
such as Nb and V [33,34]. The microalloying elements such as Nb, Ti
and V were almost uniformly distributed within the precipitates
(Fig. 6). The average precipitate sizes in different Ti/N ratio samples
were statistically calculated (Table 3) and levelled off at approximately
55 nm. Onemay claim that the Ti/N ratio exerted little effect on the pre-
cipitation behaviour in the studied steels. However, a close examination
of the precipitate size distribution demonstrated that the sample of sim-
ulated CGHAZ with Ti/N ratio of 3.2 had slightly higher percentage of
fine precipitates. Furthermore, at near-stoichiometric Ti/N ratio (3.2)
the number density of precipitates in the simulated CGHAZ reached
the maximum compared to the hypo- or hyper-stoichiometric ratios.
It has been reported that for the initial composition, both its absolute
value and its deviation from stoichiometric ratio of Ti and N are impor-
tant in determining the amount of precipitation and the amount in solid
solution [35]. For the studied samples, the Ti, N levels are controlled in a
relatively tight range and other elements are constant, thus the influ-
ence of the initial chemical composition on precipitation among the
three steels is marginal. Departure from the stoichiometry of Ti, N addi-
tions can alter the precipitation in quantity and hence affect properties
[35]. Consequently, at near-stoichiometric Ti/N ratio more precipitates
can pin the grain boundaries during the welding thermal cycle, leading
to finer grain size and improvedmechanical properties. This inference is
well consistent with our previous study [25], which demonstrated that
the sample of Steel 2 with Ti/N ratio of 3.2 (close to the stoichiometric



Fig. 6. TEM characterisation of typical coarse Ti–Nb–V complex precipitate in the simulated CGHAZ: (a) bright field image; (b) EDS spectrum; (c) EDS mapping analysis.
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ratio) had slightly finer prior austenite grain size and higher fraction of
fine austenite grains in the simulated CGHAZ. It is well known [36] that
the relationship between TiN particles with the austenite grain size in
microalloyed pipeline steels has been determined as:

R=k ∙(r/f)
where R is the austenite grain size, k is the number factor depends on
the particle type (for TiN precipitate, roughly 1.5), r is the size of parti-
cles and f is the volume fraction of particles. This suggests that for the ef-
fective control of grain size, the large volume fraction of small size
Table 4
TheVickers hardness numbers, CVN impact energies and CTODvalues as a function of Ti/N
ratio (the numbers in the brackets are standard deviations).

Ti/N HV, load: 1 kg CVN impact energy, J (tested at −20 °C) CTOD value, mm

1.9 211 (6) 60 (39) 0.021 (0.003)
3.2 211 (2) 85 (40) 0.058 (0.017)
4.9 214 (6) 35 (14) 0.031 (0.002)
particles is required. According to Pickering et al. [37], the grain coarsen-
ing temperature will be increased when there is a maximum volume
fraction of pinning particles. The maximum grain coarsening tempera-
turewould occur at the stoichiometric Ti/N ratiowhere the temperature
dependence on the solubility is greatest. In the present study, the sam-
ple of Steel 2 with near-stoichiometric Ti/N ratio is likely to achieve the
lowest r/f value, which can bring about the high percentage of fine
grains and improved mechanical properties.

Apart from the influence of Ti/N ratio, the amount of Ti precipitated
is also essential for the properties of the studied steel samples. To fur-
ther elucidate the mechanisms of alloy design of Ti and N, a thermody-
namic equilibrium calculation was conducted based on the solubility
product [38]. The equilibrium estimation of the amounts of Ti and N in
solid solution and in precipitates at 1350 °C are summarised in
Table 5. As expected and being consistent with above, the amount of
Ti in precipitation for Steel 2 with near-stoichiometric Ti/N ratio is the
highest among the studied steels, which suggests that larger amount
of Ti-containing precipitates formed in Steel 2 and thus better



Fig. 7. The fracture surfaces after CVN testing observed using SEM: (a) Ti/N = 1.9; (b) Ti/
N = 3.2; (c) Ti/N = 4.9.

1332 Z. Zhu et al. / Materials and Design 88 (2015) 1326–1333
toughness performance. By contrast, as shown in Table 5, the Ti in solu-
tion in Steel 3 with hyper-stoichiometric Ti/N ratio is the highest. This
may increase the coarsening rate of Ti-rich particles, which can lower
the efficiency of particle pinning effect and hence lead to grain growth
in the HAZ [39]. However, the behaviour of precipitation coarsening
was not observed in Steel 3, which presented almost similar precipitate
Table 5
An equilibrium estimation of the amounts of Ti and N in solid solution ([Ti], [N]) and in
precipitates (Tippt, Nppt) at 1350 °C, in wt.%.

Steel no. Ti N Ti/N [Ti] [N] Tippt Nppt

1 0.0060 0.0032 1.9 0.0019 0.0020 0.0041 0.0012
2 0.0087 0.0027 3.2 0.0033 0.0011 0.0054 0.0016
3 0.0083 0.0017 4.9 0.0051 0.0008 0.0032 0.0009
size as Steel 1 and Steel 2, in spite of having a larger Ti/N ratio. From the
equilibrium estimation in Table 5, the amount of Ti in precipitation for
Steel 3 is the lowest. This is supported by the observation of the lower
Ti-rich particle density in Steel 3, which was dominantly related to the
lower N content. In term of hypo-stoichiometric Ti/N ratio in Steel 1,
the amount of Ti in precipitation was obviously lower than Steel 2 hav-
ing near-stoichiometric value. This is thought to be associated with the
relatively lower Ti content, in spite of higher N concentration. Therefore,
either high or low than the optimal Ti/N value can lead to slightly lower
toughness due to reduced amount of Ti in precipitation at these Ti/N
ratios.

The toughness of the simulated CGHAZ for the studied steels was
evaluated using the CVN and CTOD testing. As shown in Fig. 8, the
toughness results were correlated to the precipitation evolution and
also the austenite grain size. Similar to the expectation based on the pre-
cipitation analysis and also the thermodynamic equilibrium estimation
(Table 5), the results revealed that at near-stoichiometric ratio themax-
imumCVN impact energies and CTOD valueswere delivered in the sam-
ples of Steel 2. The observed higher number density of precipitates in
the simulated CGHAZ of the steel with near-stoichiometric Ti/N ratio
certainly contributed to the finer austenite grain size and hence im-
proved CGHAZ toughness; whereas samples with both high and low
Ti/N ratios exhibited reduced CGHAZ toughness due to insufficient
amount of Ti precipitated. It is known that for microalloyed steels the
Ti/N ratio plays a significant role in the HAZ toughness because of its in-
fluence on the austenite grain size [40]. In our study, high number den-
sity of precipitates achieved at the near-stoichiometric Ti/N ratio
resulted in high percentage of fine austenite grains in the simulated
CGHAZ [21]. The austenite grain boundaries are of significance in the
cleavage fracture propagation [41]. Forfine-grained steels, the increased
number of grain boundaries can act to obstruct crack propagation and
thus increase the energy required for fracture to propagate, thereby en-
hancing the toughness. This elucidated the better CGHAZ toughness
performance of Steel 2 samples during the CVN and CTOD testing.

This work has demonstrated amarginal but important toughness in-
crease in the CGHAZ achieved at Ti, N stoichiometry. Meanwhile, high
number density of precipitates and then optimum control of austenite
grain size in the weld HAZ were achieved when Ti/N ratio approached
the stoichiometric ratio. This is very beneficial to the steelmaking and
alloy design of line pipe steels. In terms of steel production, there should
be a perceived benefit in seeking stoichiometry. It is apparent that the
variable in steel production that is least controllable is the level of N.
An appropriate specification should therefore aim at the lowest and
Fig. 8.Variations of CVN impact energy and CTOD value as a function of Ti/N ratio and cor-
relation with the precipitation and austenite grains.
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most consistent level of N. If it follows, then an appropriate Ti addition
to achieve the needed stoichiometric ratio will be needed with respect
to improved toughness performance.

5. Conclusions

In this presentwork, the variations in toughness of simulated CGHAZ
as a function of Ti/N ratiowere systematically explored through the CVN
and CTOD testing and correlated to the precipitation evolution and aus-
tenite grain size. The microstructure of simulated CGHAZ for different
Ti/N ratios consisted of bainitic ferrite and a small amount of M-A con-
stituent within the prior austenite grains, irrespective of the Ti/N ratio.
Nevertheless, samples of Steel 2 with near-stoichiometric ratio demon-
strated the highest CVN impact energy and CTOD value among the
studied range of Ti/N ratio, which is due to the increased number densi-
ty of Ti–Nb–V precipitates in the CGHAZ and thus high percentage of
fine austenite grains. The current work has identified a subtle difference
in precipitation evolution and austenite grain coarsening in fundamen-
tally identical steels with different Ti/N ratios. The implications of this
work are significant in terms of optimal alloy design of steels for critical
applications such as high-pressure pipelines.
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