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Abstract
For the laser-welded FV520B steel welds, the experiments of post-weld aging treatment have been conducted
at different temperatures. The microstructural transformations under various heat-treatment conditions are
investigated by optical microscopy (OM), X-ray diffraction (XRD) and scanning electron microscopy (SEM).
Vickers hardness and impact toughness are also measured after the aging treatments. The results of
microstructural observations show that before heat treatment the fusion zone (FZ) mainly includes low
carbon martensite and δ-ferrite. With the increase of aging temperature and time, in FZ the δ-ferrite phase
spheroidizes and disappears. When the aging temperature is lower than 400 ºC, the carbides grow with
increasing aging time. After aging treatment at 550 ºC for 12 h, a small amount of reversed austenite
appears in FZ. The volume fraction of reversed austenite increases with the further increase of aging
temperature and time. However, in FZ all the reversed austenite disappears after aging at 650 ºC for 12 h.
This indicates that at room temperature the amount of reversed austenite is related not only to the volume
fraction of the reversed austenite obtained from aging, but also to the stability of reversed austenite during
cooling. The Vickers hardness and impact toughness of the welds mainly depend on the balance between
the dispersion strengthening effect of the Cu-rich precipitates and the weakening effect of tempered
martensite. The presence of reversed austenite can also improve the toughness of welds. In addition, as the
aging temperature and aging time increase, the hardness difference between the three zones of FZ, heat
affected zone (HAZ) and base metal (BM) decreases.

1. Introduction
FV520B steel is a martensitic precipitation-hardening stainless steel developed by the British FV company.
This steel is ideally suited for structural materials and common applications including turbine blades, piping
industries, power plants and so on due to their combination of high strength, high facture toughness and
good atmospheric corrosion resistance [1-3]. In general, this steel has a Cr content of 10-16 wt.%, and the Ni
is also added to improve toughness by the Fe-Cr-Ni ternary alloy. Many research work has been carried out on
the martensitic stainless steel, including the microstructures and mechanical properties under different
compositions, weldability of the same and dissimilar metals, and heat treatment processes. Ma et al. [4]
investigated the effect of N on microstructures and mechanical properties of 16Cr5Ni1Mo martensitic
stainless steel after normalizing and tempering treatment. They found that the addition of 0.1 wt.% N could
suppress the appearance of δ-ferrite in normalized martensitic stainless steel and retard the formation of
reversed austenite, which leads to a decrease in toughness of steel. Saeidi et al. [5] studied the
microstructures and properties of 420 martensitic stainless steel fabricated by selective laser cladding (SLM)
before and after tempering. They found that the microstructure of SLM 420 before tempering was 0.5~1 μm
sized cells and submicron martensitic needles with austenite. The amount of austenite after tempering at
400 ºC increased, which led to a high strength of SLM 420 steel with good ductility. The martensitic
precipitation-hardening stainless steel was developed by adding precipitation-hardening elements such as
Nb, Mo, Cu, Ti, etc. in the martensitic stainless steel. Wang et al. [6] investigated the evolution of Cu-rich
precipitates and their effects on the mechanical properties of 17-4 precipitation-hardening stainless steel
aged at 450 ºC by high-resolution transmission electron microscopy (HRTEM) and atom probe tomography
(APT). The results showed that with the increase of aging time, the changes in microstructure and
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composition of the precipitated phase caused the strength and hardness of the steel to increase signi�cantly
�rst and then decrease slightly, while the impact toughness changed in the opposite trend. Nakashima et al.
[7] studied the precipitation strengthening mechanism of the Cu particles precipitated in Fe-Cu alloys after
solution and aging treatments. They found that the precipitation strengthening mechanism of Cu particles
depended not only on the average interparticle spacing but also on the particle size. The Orowan mechanism
can operate at the particle sizes larger than 70 nm, while the shear mechanism dominates at the particle
sizes smaller than 70 nm.

For the martensitic precipitation-hardening stainless steel, the reversed austenite will be formed during aging
at higher temperatures. The reversed austenite contains much more austenite-forming elements such as Ni
and Mn, which improve the stability of austenite, thereby suppressing martensite transformation at lower
temperatures. Many research works on the reversed austenite in aging martensitic steel have been reported.
Leem et al. [8] investigated the transformation mechanism of low-carbon martensitic stainless steel at
different heating rates and the in�uence factors of retained reversed austenite content at room temperature.
The results indicated that when the heating rate exceeded 10 ºC/s the transformation of martensite into
reversed austenite changed from diffusion control to diffusionless control.

Laser welding has become one of the most promising joining technologies due to its high quality, high
accuracy, high speed and low post-weld deformation [9]. Its applications are increasing, but it is still rarely
studied and applied in the manufacturing of large compressor impellers. For FV520B steel used in impeller,
the laser welding joint has a higher strength and lower plasticity and toughness. Hence heat treatment is
required after welding in order to make the joint have a better combination of strength and toughness. This
study focuses on the microstructural evolution, hardness distribution and impact toughness of laser-welded
FV520B steel after aging treatments under different temperatures.

2. Experimental Details
In this work, the hot-rolled FV520B steel sheets were used as the base metal (BM). The alloy composition of
FV520B steel is listed in Table 1. The butt welding plates were cut into the size of 95 mm × 95 mm × 5 mm.
The welding equipment is a remote laser welding system as shown in Fig. 1. The welding experiments were
conducted using the TruDisk laser produced by TRUMPF with a 6600 W maximum power, an 8.0 mm × mrad
beam quality and a 200 μm �ber diameter. The ALO3 laser head is �xed on a six-axis robotic arm (KR 120
R2700).

The experimental plates were �xed on the clamp after cleaning surface contaminations with alcohol. The
laser welding was performed under the optimized parameters of 4.2 kW power, 35 mm/s welding speed, 1.2
mm beam spot, and 10 L/min shielding gas �ow. The welded specimens were heat-treated in a resistance
furnace at temperatures of 300-900 ºC and holding times of 9 min-12 h.

The as-welded and aged specimens for microstructural investigation were cut from the cross-section of
joints, polished and then etched with Marble’s reagent (50 ml H2O + 50 ml HCl + 10 g CuSO4). The
microstructure was observed using Nikon ECLIPSE MA100 optical microscope (OM) and Zeiss Supra 55 �eld
emission scanning electron microscope (SEM) with energy dispersive spectroscopy (EDS). The phase
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composition was identi�ed by a Shimadzu XRD-6000 X-ray diffractometer (XRD) with scanning step size of
0.02 and scanning speed of 2 deg/min. The microhardness was examined in the middle part on transverse
section of welds by a MVC-1000B Vickers hardness tester, with 300 g load and 15 s holding time. The impact
test was performed on a JB-300B impact tester with maximum impact energy of 300 J at room temperature.
The impact specimens were processed according to GB/T 2650-2008, and the notch was placed on the weld.

3. Results And Discussion
3.1 Effect of post-weld heat treatment on weld microstructure

The microstructures of BM and fusion zone (FZ) of weld are shown in Fig. 2. It can be seen that the BM
mainly consists of white martensite with black carbides in Fig. 2(a), and grains are distributed in a band
shape along the rolling direction as shown in Fig. 2(b). In Fig. 2(c), the prior austenite grains in FZ grow in a
manner of columnar, and the martensitic laths present a parallel alignment in the grain interior. The δ-ferrite
is distributed at the prior austenite grain boundaries (PAGB) and present two forms, the worm-shaped ferrite
parallel to the growth direction of prior austenite and the non-parallel lathy ferrite. The mean content of δ-
ferrite in FZ was evaluated by image processing software to be about 6 vol.%. It has been reported that the 5-
15 vol.% δ-ferrite content in stainless steel weld can signi�cantly suppress the solidi�cation cracking of
welding [1, 10]. Fig. 2(d) shows the local morphology at high magni�cation of FZ. It can be seen that a small
quantity of nano-sized carbide particles is distributed in the martensite matrix. The X-ray diffraction patterns
for BM and FZ of weld are shown in Fig. 3. It can be found that there is a small amount of retained austenite
in BM. The absence of austenite diffraction peaks in FZ con�rms that the retained austenite has completely
transformed into martensite after welding. The volume fraction of austenite at room temperature was
calculated according to the following method by measuring the integrated intensities of (110)α’ and (111)γ
diffraction peaks [11]

Where Vα’ and Vγ are the volume fraction of γ austenite and α martensite, respectively. Iα’ and Iγ are the
integrated intensities of (110)α’ and (111)γ diffraction peaks, respectively. Using the above equations, the
volume fraction of retained austenite of BM is determined as 8.4 vol.%.

Fig. 4 gives the SEM images of microstructural evolution in FZ under all the heat treated conditions. With the
increase of aging time, the amount of carbides precipitated along PAGB and martensitic lath boundaries
increase, and δ-ferrite is still visible at aging temperatures of 300 ºC and 400 ºC. At the aging temperature of
550 ºC, the δ-ferrite gradually spheroidizes, and eventually disappears as the aging time increases.
Simultaneously, the characteristic of columnar grains in FZ also disappears. When aging at 600 ºC and 650
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ºC, the processes of spheroidization and disappearance of δ-ferrite accelerated. Furthermore, at the higher
temperature of 900 ºC (Ac3 temperature of FV520B steel is about 900 ºC [12]) austenitization occurs. With
the increase of holding time, the martensitic laths become coarse after cooling.

Fig. 5 shows the SEM images of FZ under some particular heat-treatment parameters at the higher
magni�cation of 15000×. As can be seen in Fig. 5(a), at 400 ºC for 9 min many �ne granular-shaped and
needle-shaped carbides appear within the size range from tens to hundreds of nanometers. According to the
study of Lu et al. [13], the precipitates with the same morphology were also found in the Cr13 martensitic
stainless steels tempered at 300 ºC, and this carbide was identi�ed as M3C type (M is Fe or Cr) by
transmission electron microscopy (TEM). As show in Fig. 5(b), the size of carbides increases, while the
tempered martensite still retains the lathy feature. During laser welding the high cooling rate of the weld
causes that there is no su�cient time for the precipitation of alloy elements, thus leading to the formation of
the unstable supersaturated solid solution. The alloy elements in supersaturated solid solution tend to
precipitate in the form of carbides, and the size of carbides also increases with aging time. The coarsening
of prior austenite grain boundaries (PAGBs) may be related to the precipitation of carbides at grain
boundaries. The precipitation of carbides results in the continuous rejection of carbon atoms from the
martensite which causes a decrease of the tetragonality of the martensite matrix [14], thereby forming
tempered martensite. Fig. 5(c) and 5(d) show the microstructures aged at 550 ºC for 2 h and 12 h,
respectively. In Fig. 5(c) the lathy feature of the tempered martensite can still be observed, while after aging
for 12 h the nucleation of new phases occurs at the PAGBs and these phases grow inside the prior austenite
grains along the boundaries of martensite laths. Such phases can also be seen in the weld aged at 600 ºC
for 1 h (Fig. 5(e)). It was reported that the reversion from martensite to austenite will occur when maraging
steel is heated close to the Acl temperature [8, 15] (Ac1 temperature of FV520B is about 580 ºC [16]). During
cooling, the austenite is expected to two types of transformation. The �rst is the forming of martensite, and
the other is the forming of the more stable reversed austenite due to the high content of austenite stabilizing
elements (Ni, Mn, etc.). Thus, it can be speculated that the relevant phases in Figs. 5(d) and 5(e) may be the
reversed austenite which formed by reversed transformation and retain their morphology at the aging
temperature after cooling. Its composition may be martensite, reversed austenite, or a mixed structure of
martensite and reversed austenite. After aging at 600 ºC for 12 h, the strip-shaped and granular phases are
distributed in the tempered martensite matrix. It is supposed that the phases in Fig. 5(f) are formed by the
growth of the above-mentioned phases. As shown in Fig. 5(g) and 5(h), at aging temperature of 650 ºC the
strip-shaped and granular grains are formed after only 1 h and obviously coarsened after 12 h.

EDS results of the positions denoted by the arrows in Figs. 5(e) and 5(f) are shown in Table 2. In Fig. 5(e), the
Cu content at the position 1 is higher than the average content of the base metal. It indicates that the
segregation of Cu has occurred here. It has been reported that Cu bearing martensitic precipitation hardened
stainless steel will precipitate nano-scale Cu-rich particles during aging treatment [6, 17]. The Ni content at
positions 2 and 3 is higher than the average content of the base metal. It implies that the segregation of Ni
has occurred at these positions. The reversed austenite may be formed in Ni-rich regions after aging.
However, it is di�cult to use SEM to observe the morphology of reversed austenite in martensitic matrix due
to its small size.
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Fig. 6 shows the XRD patterns of the FZ under different heat treatment conditions. At room temperature the
volume fraction of reversed austenite can be calculated using Eq. (1) and (2), and its variation with aging
time is plotted in Fig. 7. At aging temperature of 550 ºC the reversed austenite diffraction peaks cannot be
found at 2 h, while after a longer aging time of 12 h, the amount of reversed austenite reaches 7.0 vol.%.
When the aging temperature increases to 600 ºC, there is no reversed austenite under the holding times
below 1 h. As the aging time increases to 1 h, 2h and 12 h, the volume fraction of reversed austenite reaches
2.9 vol.%, 9.0 vol.% and 15.6 vol.% respectively. When the aging temperature further rises to 650 ºC, the
reversed austenite is formed after aging for only 9 min. Additionally, it is noted that the amount of austenite
increases �rst and then decreases with increasing time. In particular, after aging for 12 h the FZ no longer
contains the austenite at room temperature. The amount of reversed austenite is related to the content and
stability of the austenite formed during aging. Furthermore, the amount of austenite during aging is
associated with the temperature and the holding time. The higher temperature and the longer time are
desirable for the formation of austenite. The stability of austenite at the aging temperature is related not only
to the content of austenite-stabilizing elements such as Ni and Mn in austenite, but also to the concentration
of vacancies [8, 14, 15]. When the aging temperature is at 550 ºC, the reversed transformation occurs in a
diffusion manner, then it requires a long time to obtain austenite. When heated to 600 ºC, the formation rate
of reversed austenite becomes faster, and so the amount of reversed austenite at room temperature also
increases. The reason why the reversed austenite disappears at the aging condition of 650 ºC and 12 h can
be explained as follows. The limited Ni concentration and the increasing reversed austenite at the aging
temperature give rise to a decrease of the average content of Ni in austenite, resulting in a decrease in the
stability of austenite and an increase in the Ms point. Therefore, all austenite is transformed into martensite
during cooling [18]. Wang et al. [6] found that as aging time was prolonged, the segregation of Ni, Mn, Si and
Nb occurred and the co-precipitates were formed accompanied with precipitation of Cu. This is also one
reason of a decrease of Ni content in reversed austenite.

3.2 Effect of post-weld heat treatment on Vickers hardness and impact toughness of weld

Fig. 8 shows the Vickers hardness of the weld in as-welded and different heat treated conditions. For the as-
welded specimen, the hardness of FZ is higher than that of the heat affected zone (HAZ) but slightly lower
than that of the BM. At aging temperatures of 300 ºC and 400 ºC, the average hardness of FZ and HAZ
increases with aging time, and the hardness difference between the three regions narrowed. In the aging
temperature range of 550-650 ºC, the hardness curves of welds present the maximum values at the aging
time of 9 min, and then decrease with increasing aging time.

The increase in hardness during aging is mainly related to the dispersion strengthening caused by the
precipitation of Cu-rich phases in a nanoscale [7, 19, 20]. Below the temperature of 400 ºC, the precipitation
rate of Cu-rich phase is lower. However, when aging temperature is not lower than 550 ºC, the high
precipitation rate makes the number of Cu-rich precipitates increase sharply in a short time, resulting in a
high level hardness. However, the Cu-rich precipitates gradually grow with increasing holding time, thus
leading to a weakening of dispersion strengthening effect. Additionally, the increase of tempered martensite
and the occurrence of reversed austenite with aging time will also give rise to a softening effect which can
even overcome the dispersion strengthening, resulting in a lower hardness compared with the as-welded.
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At the same parameter three parallel samples were prepared for the impact toughness test. The mean values
of the absorbed impact energy of the welded joints under different heat treatment processes are presented in
Fig. 9. At aging temperatures of 300 ºC and 400 ºC, the impact toughnesses of welds are lower, and have a
similar variation trend which �rst increase and then decrease with holding time. At the same holding time, the
absorbed impact energies of the welds under aging temperature of 400 ºC are higher than that under 300 ºC.
At aging temperature of 550 ºC, the impact toughness �rst decreases and then increases with holding time,
the absorbed impact energy reaches the highest value of 61 J at aging time 12 h. For Fe-Cr alloys the Cr-rich
ferrites will be formed at the elevated temperatures from 475 ºC to 550 ºC [1], and this results in the decrease
of impact toughness after aging treatment. However, at the longer aging time of 12 h the impact toughness
of the weld is improved due to the formation of reversed austenite [15]. At aging temperature of 600 ºC, the
absorbed impact energy gradually increased with aging time, reaching the maximum of 75 J at aging time
12 h. Under aging temperature of 650 ºC, the absorbed impact energy increases �rst and then decreases as
the aging time increases, reaching the maximum at aging time 2 h. Combined with the XRD results, it can be
found that the impact toughness improves as the content of reversed austenite increases. In addition, with
the increase of aging temperature and time, the growth of non-coherent Cu-rich precipitates can also lead to
a decrease in hardness and an increase in impact toughness [14].

Fig. 10 shows the impact fracture morphologies of the specimens at aging temperatures of 550 ºC and 650
ºC under different aging times. At temperature of 550 ºC and aging time below 2 h, as shown in Fig. 10(a),
10(c) and 10(e), the fractographs exhibit the quasi-cleavage characteristics, which correspond to the lower
toughness. At aging temperature 550 ºC for 12 h, as shown in Fig. 10(g), the large number of dimples on the
fracture surface imply an improvement in the toughness of weld. The EDS analyses of the short rod-shaped
second phase (denoted by the arrow in Fig. 10(e)) shows the element content 8.83Cr-1.48Ni-29.37Mn-18.85S
(wt. %). The higher contents of S and Mn indicate that the second phase may be MnS. At aging temperature
of 650 ºC, the specimens under four different aging times all show the dimple-like characteristics
corresponding to a good toughness. Fig. 10(b), 10(d) and 10(f) exhibit tear-type dimples, while Fig. 10(h)
shows �ne equiaxed dimples. At aging temperature of 650 ºC for 12 h, the �ner dimples, which is likely to be
related to the formation of reversed austenite, do not produce an extra effect on the impact toughness. It
differs from the signi�cant improvement in toughness at aging temperature 550 ºC for 12 h.

Generally, the Vickers hardness presents a strong positive correlation with yield strength [20], then the value
of Vickers hardness is selected to re�ect the change trend of yield strength in this work. The scatter diagram
of Vickers hardness vs. impact energy under all heat treatment conditions is plotted in Fig. 11, and the point
number in the diagram is consistent with the heat treatment parameters in Table 3. In order to compare the
variation of properties under different heat treatment parameters with the as welded, the diagram is divided
into four parts by the dotted lines across the as-welded point. As shown in Fig. 11, the scatter diagram can
give a clear indication for the selection of desired properties of welds. The parameter points in the upper right
corner area of the diagram correspond to the excellent combination of strength and toughness, such as the
point numbers of 17 and 14.

4. Conclusions



Page 8/22

For the joint of laser-welded FV520B steel, the microstructure of FZ mainly contains low carbon martensite
and small amounts of δ-ferrite with worm-shaped or lath-shaped morphologies. The δ-ferrite is still clearly
visible at aging temperatures of 300 ºC and 400 ºC, while at 550 ºC the δ-ferrite gradually spheroidizes and
eventually disappears with increasing aging time. The spheroidization and disappearance of δ-ferrite tend to
accelerate at the higher aging temperature of 600 ºC and 650 ºC. At temperature of 900 ºC austenitization
occurs, and the martensitic laths coarsen with the increase of holding time.

When aging temperature is not higher than 400 ºC, the carbides precipitate and grow with aging time. After
aging at 550 ºC for 12 h, only small amounts of reversed austenite were retained. With the increase of aging
temperature and time, the volume fraction of reversed austenite increases. However, all the reversed
austenite in FZ disappear after aging at 650 ºC for 12 h. It indicates that the amount of reversed austenite at
room temperature is related not only to its volume fraction formed during aging process, but also to its
stability during cooling.

The mechanical properties of welds mainly depend on the combination of the dispersion-strengthening
effect by the Cu-rich precipitates and the weakening effect by the tempered martensite. At aging temperature
of 400 ºC, the dispersion-strengthening of the precipitates plays a dominant role. The hardness increases
with aging time due to the increase of Cu-rich precipitates. At 550 ºC or higher aging temperatures, hardness
increase only in a short aging time due to the accelerated precipitation of Cu-rich phase. However, with the
further increase of aging time, the coarsening of Cu-rich precipitates and the formation of tempered
martensite result in a decrease in weld hardness and an increase in impact toughness. In addition, the
presence of reversed austenite also contributes to the improvement of weld toughness.
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Tables
Table 1  Chemical composition (wt. %) of FV520B

Element C Si Mn P S Cr Mo Ni Cu V Ti Fe

Content 0.05 0.36 0.52 0.027 0.027 13.72 1.44 5.65 1.71 0.05 0.01 Bal.

Table 2  Composition at different positions (wt. %)
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Position Element

Cr Ni Cu Fe

1 13.42 5.30 6.75 Bal.

2 13.23 8.01 3.94 Bal.

3 12.33 9.26 5.93 Bal.

4 14.25 5.26 2.77 Bal.

Table 3  Heat treatment parameters of welds

Specimen
number

Aging
temperature

Holding
time

Specimen
number

Aging
temperature

Holding
time

1 300 ºC 9 min 13 600 ºC 9 min

2 1 h 14 1 h

3 2 h 15 2 h

4 12 h 16 12 h

5 400 ºC 9 min 17 650 ºC 9 min

6 1 h 18 1 h

7 2 h 19 2 h

8 12 h 20 12 h

9 550 ºC 9 min 21 900 ºC 9 min

10 1 h 22 1 h

11 2 h 23 2 h

12 12 h      

Figures
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Figure 1

Experimental equipment of laser welding
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Figure 2

Metallographic and SEM images of microstructures in BM (a, b) and FZ (c, d)
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Figure 3

X-ray diffraction spectrum of BM and FZ
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Figure 4

Microscopic morphologies of FZ under different heat treatment processes (×8000)
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Figure 5

Microstructure of FZ under different heat treatment parameters (×15000): (a) 400 ºC, 9 min; (b) 400 ºC, 1 h;
(c) 550 ºC, 2 h; (d) 550 ºC, 12 h; (e) 600 ºC,1 h; (f) 600 ºC, 12 h; (g) 650 ºC, 1 h; (h) 650 ºC, 12 h
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Figure 6

X-ray diffraction spectrum of FZ under different heat treatment conditions
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Figure 7

Relation between the content of reversed austenite and aging time at different aging temperatures
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Figure 8

Vickers hardness pro�les on the weld cross sections under different heat treatment conditions



Page 20/22

Figure 9

Absorbed impact energy of welds under different heat treatment conditions
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Figure 10

Fracture morphologies of the specimens under different holding time at 550 ºC and 650 ºC: (a) 550 ºC, 9
min; (b) 650 ºC, 9 min; (c) 550 ºC, 1 h; (d) 650 ºC, 1 h; (e) 550 ºC, 2 h; (f) 650 ºC, 2 h; (g) 550 ºC, 12 h; (h) 650
ºC, 12 h
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Figure 11

Scatter diagram of Vickers hardness vs. impact energy of FZ


