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Abstract: The mechanical properties and microstructure features of the fine-grained heat-affected zone (FGHAZ) of ASTM4130 steel was 
investigated by optical microscope (OM), scanning electron microscope (SEM), transmission electron microscope (TEM), and welding 
thermal simulation test. It is found that serious embrittlement occurs in the FGHAZ with an 81.37% decrease of toughness, compared with 
that of the base metal. Microstructure analysis reveals that the FGHAZ is mainly composed of acicular, equiaxed ferrite, granular ferrite, 
martensite, and martensite-austenite (M-A) constituent. The FGHAZ embrittlement is mainly induced by granular ferrite because of carbides 
located at its boundaries and sub-boundaries. Meanwhile, the existence of martensite and M-A constituent, which distribute in a discontinu-
ous network, is also detrimental to the mechanical properties. 
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1. Introduction 

ASTM 4130 steel exhibits high strength and excellent 
low temperature toughness, and has been extensively used 
for oil and gas production, such as high-pressure pipelines 
of deep-water semi-submersible drilling platforms [1]. Gen-
erally, the mechanical properties of the heat-affected zone 
(HAZ) are different from those of the base metal (BM) due 
to the effect of thermal cycles. Extensive studies on the high 
strength low alloy (HSLA) steels have shown that the lowest 
toughness of the coarse-grained HAZ (CGHAZ) [2-5] and 
the intercritical HAZ (ICHAZ) [6-7] is found in single pass 
welding. However, only limited literatures have demon-
strated that the toughness of fine-grained HAZ (FGHAZ) is 
much lower than that of BM. Additionally, since HAZ is 
generally narrow and discontinuous, a weld thermal simula-
tor is often employed to produce a large volume of uniform 
microstructure, which is suitable for microstructure and 
mechanical properties assessments. Therefore, the aim of 
the present work is to analyze the correlation between the 

microstructure and mechanical properties of the FGHAZ of 
ASTM4130 steel by means of a welding simulation tech-
nique. 

2. Materials and methods 
The ASTM4130 steel pipe used in the experiment is 

φ141.3 mm×30 mm, and the measured chemical composi-
tion is listed in Table 1.  

Table 1  Chemical composition of tested ASTM4130 steel 
wt% 

C Si Mn Cr Mo Ni S P Fe 
0.32 0.355 0.62 1.15 0.25 0.17 0.004 0.010 balance

Square bar specimens (10.5 mm×10.5 mm×80 mm) for 
thermal cycle simulation were cut along the axial direction 
parallel to the pipe. The welding simulation parameters are 
as follows: preheat temperature 200°C, welding heat input 
20 kJ/cm, heating velocity 130°C/s, peak temperature 950°C, 
and holding time 2 s. 

After simulation test, the specimens were machined into 
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standard V-notch Charpy specimens of 10 mm×10 mm×55 
mm, and the toughness was evaluated at −30°C. The micro-
structures were observed by optical microscopy (OM) and 
transmission electron microscopy (TEM). Hardness was 
measured under the load of 10 kg and 25 g, respectively. 

3. Results and discussion 

3.1. Properties of FGHAZ 

FGHAZ properties of ASTM4130 steel are shown in Fig. 1. 
It can be seen apparently that a severe embrittlement phe-
nomenon occurs in the FGHAZ. The Charpy energy of 
FGHAZ is only 35.02 J, with a decrease of 81.37% com-
pared with BM. However, the hardness increases from Hv10 
252.4 to Hv10 315.1, with an increase of 24.84%. Fig. 2 il-
lustrates the load-displacement curve of the instrumented 
impact tests of the FGHAZ. The area of OFmSm indicates the 
crack initiation energy (Ei), the area of FmSmSt indicates the 
crack propagation energy (Ep), and the sum of both is the 
total impact energy (Et). In this case, Ei, Ep and Ei are 34.02, 
0.03, and 34.05 J, respectively. Namely, it is noted that the 
FGHAZ toughness is deteriorated, which is indicated by the 
low ratio of Ep/Ei and Ep/Et [8]. 

 

Fig. 1.  Properties of FGHAZ. 

 
Fig. 2.  Load-displacement curve of FGHAZ. 

3.2. Microstructures of FGHAZ 

Fig. 3 depicts optical micrographs of the FGHAZ etched 
by a 4vol% nitric solution and two-step metallographic etch-
ing technology [9], respectively. As can be seen, it mainly 
contains acicular and equiaxed ferrite, as well as granular 
microstructure, but does not seem to contain much 
martensite (Fig. 3(a)). However, in Fig. 3(b), the white is-
lands of martensite and martensite-austenite (M-A) con-
stituent are found, which cannot be distinguished [5, 10], 
while the gray is ferrite. Microhardness measurement illus-
trates that ferrite and martensite are Hv0.025 217.2 and Hv0.025 
479.1, respectively.  

Fig. 4 is a group of TEM micrographs of the FGHAZ. 
The substructure of the equiaxed ferrite is the low density 
dislocation (Fig. 4(a)). The granular microstructure is also 
ferrite confirmed by selected area electron diffraction spots 
(Fig. 4(b)). Carbides (M3C) can be found to locate at the 
boundaries and sub-boundaries. TEM analysis also reveals 
that the FGHAZ includes dislocation and twinning martensite 
mostly existing at the prior austenite boundaries, as shown 

 

Fig. 3.  Optical micrographs of FGHAZ etched by a 4vol% nitric solution (a) and two-step metallographic etching technique (b). 
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in Figs. 4(c)-(d). Carbides are also found to locate within 
lath and along lath boundaries. Besides, M-A constituent is 
confirmed to appear in the FGHAZ (Fig. 4(e)). It is evident 
that microstructures of the FGHAZ, in the order of disloca-
tion density from low to high, are acicular, equiaxed ferrite, 
granular ferrite, martensite, and M-A constituent. 

The FGHAZ consists of not only martensite but also a 
considerable amount of ferrite. This is inconsistent with the 
continuous cooling temperature (CCT) curve. The reason 
might lie in the following factors. One is the fine grain of 
prior austenite. The finer the prior austenite grain is, the 
more unstable the super cooled austenite becomes. Thus, the 
presence of fine grain austenite makes it possible for ferrite 
to form at a higher temperature. This is in good agreement 
with conclusions drawn from Ref. [11]. The other is the 
uniform chemical composition of the prior austenite.  

Fig. 5(a) is a schematic illustration of nucleation and 
growth of austenite. The austenite primarily nucleates at the 
boundaries of ferrite, and then grows along the boundaries 
in the shape of first strip and secondly near-connected net-
work, expanding into the interior of the ferrite grain [12]. 
When cooled, it first transforms into acicular and equiaxed 
ferrite, then granular ferrite, and finally martensite and M-A 
constituent, as shown in Fig. 5(b). The first nucleation sites 
are within austenite grains, rather than along the austenite 
boundaries, which contradicts with the conventional view-
point. This is closely related to the presence of undissolved 
carbides that can act as the core of non-homogeneous nu-
cleation. The transformation sequence can be testified by 
microstructural features (Fig. 4) since the dislocation density 
of the microstructure formed at a higher temperature is 
lower than that formed at a lower temperature. 

Fig. 4.  TEM micrographs of FGHAZ: (a)
equiaxed ferrite; (b) granular ferrite; (c)
lath martensite; (d) twinning martensite;
(e) M-A constituent. 
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Fig. 5.  Schematic illustration: (a) nucleation and growth of austenite; (b) microstructure transformation as cooled. 

3.3. Embrittlement analysis 

Based on the above analysis, it can be found that the 
FGHAZ toughness of ASTM4130 steel decreases sharply, 
which hardly occurs in most HSLA steels. In this case, the 
reasons might be as follows.  

(1) The existence of equiaxed ferrite. When it is suffering 
from an external force, the equiaxed ferrite preferentially 
deforms, then the crack initiates along its boundary due to 
the inconsistency with the deformation of adjacent micro-
structure, thereby inducing deterioration in toughness [13].  

(2) Distribution feature of martensite and M-A constitu-
ent. Refs. [14-15] indicate that blocky M-A constituent dis-
tributed in a near-connected grain boundary network has 
maximal adverse effect on impact toughness.  

(3) The existence of granular ferrite. Carbides distributed 
at the boundaries and sub-boundaries are similar to the brit-
tle second phase surrounding the soft. The hardening phase 
separates the plastic phase in the space, so that deformation 
is unable to play fully, thus making the crack initiate and 
propagate along the grain boundary after a small amount of 
deformation, thereby resulting in the toughness decreasing 
sharply. 

As can be seen in Fig. 6, the crack initiates from a plane 
that is inside the grain, and propagates outwards, then frac-
tures along the prior austenite boundary in a quasi-cleavage 
mode. It is obvious that dimple walls are smooth. This 
means that low energy is consumed. Thus, fractographic 
examination, coupled with microstructural features, has re-
vealed that the brittle fracture initiates at granular ferrite, 
rather than M-A constituent. However, the presence of M-A 
constituent located along the grain boundaries provides a 
low-energy channel for crack propagation. 

 

Fig. 6.  SEM fractograph of FGHAZ. 

4. Conclusions 

(1) Contrary to the traditional view, serious embrittle-
ment occurs in the FGHAZ of ASTM4130 steel, with its 
toughness decreasing 81.37%, compared with that of the 
base metal.  

(2) The FGHAZ of ASTM4130 is mainly composed of 
acicular, equiaxed ferrite, granular ferrite, martensite, and 
M-A constituent. The martensite and M-A constituent are 
located along the prior austenite boundaries. 

(3) The main factor controlling the toughness of FGHAZ 
is granular ferrite with carbides located at the boundaries 
and sub-boundaries of the ferrite. In addition, the presence 
of M-A constituent also results in the toughness deteriora-
tion. 
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