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This study is an attempt to correlate the microstructure and mechanical properties of weld metal of
commercial 15Cr-5Ni precipitation-hardening stainless steel at different post-weld treatments. The weld
metal is conducted by gas tungsten arc welding, and post-weld aging is performed at three different
temperatures, viz. 580 °C, 600 °C and 620 °C. After post-weld aging treatment, the microstructure and
mechanical properties of weld metals are investigated by OM, SEM, EDS, EBSD and impact tester. The
results indicate that microstructure of weld metals by post-weld aging treatment consists predominately of
martensite, reversion austenite and copper-rich phase. The amount of austenite and the size of copper-rich
phase increase with increase in the post-weld aging temperature. The tensile strength of weld metals first
increases and then decreases with the increasing of post-weld aging temperature. The former is due to the
size and distribution of copper-rich phase, and the latter is due to the increasing of amount of reversion

austenite.
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1. Introduction

Precipitation-hardened stainless steel is a new type of steel
developed during the second world war due to the need of war
and then gradually developed into three types: martensite type,
semi-austenitic type and austenitic type. They are mostly in Cr,
Ni and then adding precipitation hardening stainless steel
elements such as Al, Cu, Ti, Mo and Nb through high-
temperature solid solution treatment, make the alloy elements
can dissolve into the matrix and supersaturated solid solution
after cooling, and then in the appropriate temperature aging
treatment, decomposition of supersaturated solid solution,
intermetallic compounds, carbide precipitation, such as disper-
sion precipitate hardening effect, and this kind of steel heat
treatment is simpler, such as the 15-5PH stainless steel has
good corrosion resistance, high strength and good processing
properties. A simple one-step aging treatment gives the 15-5PH
high strength and good plasticity and toughness, which is
widely used in key components in the aerospace field (Ref 1-7).
Aging treatment is the main strengthening method of marten-
sitic precipitation hardening stainless steel. High strength and
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high toughness are obtained by precipitation hardening phase
such as Cu-rich phase, NbC and M,;Cg at 450-620 °C, so as to
meet the application requirements of different occasions.
However, the research mainly concentrated on the solution of
this kind of steel and the mechanical properties after short-term
aging treatment and organization transformation, including
tensile properties, impact performance, martensite phase trans-
formation, precipitation of copper-rich phase and spinodal
decomposition of martensitic matrix (Ref 8-11), have compar-
atively detailed research, however, those studies only concen-
trated on the general changes of copper-rich phase or
mechanical properties. Few studies regarding the formation of
reversed austenite during post-weld aging treatment and its
influence on the weld metal of 15-5PH have been reported. In
order to study the maximum operating temperature of weld
metal of 15-5PH stainless steel, and to understand the change of
its structure and performance during service, it can provide
reference for the application of petrochemical and nuclear
engineering materials. Therefore, this study mainly observed
and analyzed the microstructure transformation process and
mechanical property changes of 15-5PH stainless steel after
direct post-weld aging heat treatment after welding.

2. Experiment Procedure

The chemical composition of the deposited metal of 15-5PH
stainless steel and ER630 welding wire (Ref 8) is shown in
Table 1. The welding machine is AMET hot and cold wire TIG
welding machine. The welding process heat input is
15 kJ cm ™', interpass temperature is < 150 °C, and shielding
gas is high-purity argon. The size of the test plate is
16 mm x 150 mm x 300 mm and with single-V groove weld.
The samples are welded in the solution treated condition and
then subjected to different post-weld aging treatments. Before
welding, wipe the test plate clean with acetone. The blank
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samples are subjected to post-weld aging treatment at
580 °C x 4 h, 600 °C x 4 h and 620 °C x 4 h, respectively.
The heat treatment furnace adopted is the air heating box-type
furnace in the central test platform of the general research
institute of iron and steel, which is installed in the temperature
furnace, and then air cooling (AC) is removed after heat
treatment. After post-weld aging treatment, samples are refined
to finished samples. After grinding and polishing, the metal-
lographic samples are corroded by ferric chloride. The metal
phase components of the weld are analyzed by optical
microscope Leicamef-4M, Hitachi S-4300 cold field emission
electron microscope and its own EDS, and the fracture
morphology of the weld is observed and analyzed. The fine
microstructure and precipitated phase of the weld are observed
by H-800 and high-resolution transmission electron micro-
scopy. The TEM samples are prepared by double spray
electrolysis thinning. The electrolyte is 8% perchlorate alcohol
solution. The weld metal is tested for V-shaped impact
performance at — 20 °C with the sample size of 10 mm x 10
mm x 55 mm. Using electron backscattering diffraction (elec-
tron backscattered diffraction, EBSD) is carried out on the
sample surface, and its large angle in HKL analysis software
distribution and reverse change the content of austenite grain
boundary and evaluation analysis, respectively, EBSD sample
should be with 10% perchlorate solution electrolytic polishing,
scanning the area for 150 mm x 150 mm, and step length is
0.15 mm.

3. Results and Discussions

3.1 Microstructure Observation

Figure 1 shows the metallographic structure of weld metal
samples aged for 4 h at different post-weld aging treatments. It
can be seen from Fig. 1(a), (b) and (c) that a small number of
austenitic white pools are formed at grain boundaries and
between dendrites, and the number and size of austenitic white

pools increase with increase in the post-weld aging tempera-
ture. This is mainly due to the rapid cooling rate during the
welding solidification process and the severe segregation of
alloying elements between dendrites, resulting in the high alloy
composition in this region and the decrease of Ms point,
providing conditions for the formation of austenitic white pool
(Ref 12). And grain boundary exist many flaw area which have
high energy, with the increase of post-weld aging temperature,
can be spread through the enrichment of some of the austenite
formed elements (such as C, Ni), also for the formation of
austenitic white pool (Ref 13), as indicated by the arrows,
provides the conditions to make the reversal austenite of
martensitic transformation start Ms to below room temperature,
in the subsequent cooling process of reverse austenite is
retained. Reverse austenite along martensite lath and block
distribution, reverse austenite as a soft exists in martensitic
matrix, certainly can relax in the deformation of the boundary
due to the stress concentration caused by dislocation plug
product, at the same time, the crack in the plastic phase
transmission need to absorb more energy, therefore play a block
on the propagation of the crack effect, increased the matrix of
crack propagation resistance, make the weld metal has good
toughness, so it is very beneficial to improve the toughness of
the material (Ref 4).

Figure 2 shows SEM images for the post-weld aging
temperature of 580 °C, 600 °C and 620 °C. Under scanning
electron microscope with high magnification some small
spherical particles can be found, through the spectrum analysis
can find its Nb content is very high, in stainless steel, the
sediment is mainly composed of NbC generated by the Nb
carbides, (Nb, Ti) N of nitride and Fe,Nb (Laves phase). And
(Nb, Ti) N is usually rectangular particle, Laves phase is
usually accompanied by topology (topologically close packed
(TCP) structure) of A,B type of intermetallic compounds,
Laves phase can also be observed under the scanning electron
microscopy (SEM), but its size is bigger than NbC. Yamamoto
et al. (Ref 14) believed that Laves phase could be precipitated
in Fe-Cr-Ni-Nb martensite stainless steel only when Nb content
is greater than or equal to 1 wt%. In this paper, considering that

Table 1 Chemical composition of custom 450 steel and deposited metal (mass fraction/%)

C Mn Ni Cu Nb Fe
15-5PH 0.037 0.5 14.44 6.4 1.62 0.59 Bal.
ER630 deposited metal 0.012 0.61 16.30 5.12 3.38 0.24 Bal.

Fig. 1 Microstructure images of weld metal after aging-treated at 580 °C (a), 600 °C (b) and 620 °C (c) for 4 h
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Fig. 2 SEM images and EDS analysis of weld metal after aging-treated at 580 °C for (a) (b); 600 °C for (c¢) (d) and 620 °C for (e) (f)

the content of Nb is only 0.24 wt.%, it can be seen from EDS
analysis that the content of Nb is several times higher than that
of the matrix, while C and Nb have a strong binding ability
(Ref 15). Therefore, the spherical particles found under
scanning electron microscopy are NbC particles, and NbC
particles grow gradually with the increase of post-weld aging
temperature, weakening the strengthening effect (Ref 16).

3.2 TEM Analysis

Figure 3 shows TEM images of the samples aged for 4 h at
different post-weld aging treatments. The observation by
transmission electron microscopy showed that the matrix
structure of weld metal after post-weld aging treatment at
different temperatures is lath martensite + reverse austenite,
and the reverse austenite is mostly formed in strip thin film
form, while a small amount is precipitated in block form. It can
be seen from Fig. 3 that with the increase of post-weld aging
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temperature, the content of reversed austenite increases, but it is
all distributed on martensite slab boundary, which is beneficial
to improve the toughness of high-strength martensite. Because
it can be used not only as an obstacle to prevent the crack
propagation between martensite, but also to reduce the stress
concentration caused by the front end of dislocation when the
slat is densely arranged. Residual austenite is distributed around
lamellar martensite, which may also mitigate defects in twin
martensite (Ref 4).

Figure 4 shows TEM and HRTEM images of Cu precipi-
tated phase after post-weld aging temperature at 580 °C,
600 °C and 620 °C. As shown in Fig. 4, after post-weld aging
treatment at 580 °C, 600 °C and 620 °C a large number of
copper-rich phase is precipitated in the grains, and the
precipitated phase exist as the strengthening phase (Ref 17-
25). When the temperature is low, the copper-rich phase is not
completely dissolved, and the co-lattice relationship with the
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Fig. 3 TEM images of weld metal after aging-treated at 580 °C (a), 600 °C (b) and 620 °C (c) for 4 h, (d) the selection diffraction spots of

(b)

matrix is not easy to observe. With the increase of post-weld
aging temperature, the content of C and alloying elements in
martensite decreases continuously due to the accelerated
precipitation of alloy carbides. At the same time, the precip-
itated phase gradually gathered and grew, and the copper-rich
phase changed from the common lattice phase to the non-
common lattice phase (Ref 19, 22, 24) (Fig. 4b). The study
found that with increase in the post-weld aging temperature, the
size of copper-rich phase increased and then decreased, which
is mainly caused by the accumulation and growth of copper-
rich phase at 620 °C. After post-weld aging at 580 °C for 4 h,
the copper-rich phase is spherical (Fig. 4a). With increase in the
post-weld aging temperature, the copper-rich phase accumu-
lated and grew and dispersed after post-weld aging temperature
at 600 °C for 4 h (Fig. 4b).

3.3 EBSD Analysis

Reverse austenitic transformation has both good and bad
effects on the properties of steel. Figure 5 shows the electron
backscatter diffraction mass diagram of the weld metal. The
gray substrate represents the microstructure of the body-
centered cubic structure (here represents the bainitic ferrite
structure), while the white color represents the face-centered
cubic structure (residual austenite structure). The analysis
software of EBSD is used to calculate the reversed austenite
content. With the increase of post-weld aging temperature, the
reversed austenite content is 0.1%, 19% and 23.4%, respec-
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tively. The results showed that the content of reversed
austenite increased with increase in the post-weld aging
temperature, and the content of reversed austenite increased
sharply after post-weld aging temperature at 600 °C, while the
content of reversed austenite increased by 23.3% after post-
weld aging temperature at 620 °C compared with that at
580 °C.

3.4 Mechanical Properties

Post-weld aging temperature has an important influence on
the strength of weld metal. The tensile strength of weld metals
first increases and then decreases with the increasing of post-
weld aging temperature, while the yield strength shows a trend
of gradual decline as shown in Fig. 6. Combined with the
previous analysis, it can be seen that the copper-rich phase is
small and diffusedly distributed at 600 °C, which has a certain
strengthening effect. The tensile strength at 600 °C is higher
than the other two. In addition, it is found that the yield strength
curve with post-weld aging temperature rising from 580 to
600 °C had a steeper slope than the yield strength curve with
post-weld aging temperature rising from 600 to 620 °C.
Through the previous tissue analysis, it is found that this is
mainly due to the high residual austenite content in the tissues
after post-weld aging temperature at 600 °C.

As the post-weld aging temperature increases, the impact
toughness of the weld metal increases, as shown in Fig. 6. This
is mainly caused by the increase of residual austenite content in
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Fig. 4 TEM images and EDS analysis of Cu-rich phase of weld metal after aging-treated at 580 °C (a), 600 °C (b) and 620 °C (c), (d) for 4 h

the tough phase, while the Cu-rich phase, as the strengthening
phase, has no positive effect on the toughness due to its
aggregation and growth (Ref 26, 27). EBSD analysis shows
that post-weld aging temperature 580 °C the austenite volume
fraction is 0.1%, which indicates martensite start happened
reverse change to austenite (Fig. 4a and 5a), with the post-weld
aging temperature rise of austenite formed through reverse
change rapidly increase, the yield strength drops, so with the
increase of post-weld aging temperature reverse change the
amount of austenite increase gradually, gradually rising tough-
ness and plasticity. With the increase of post-weld aging
temperature, the internal stress of the tissue is released and the
dislocation density decreases, which also play a positive role in
the further improvement of toughness and plasticity.

Figure 7 and 8 show the central impact fracture morphology
of three kinds of post-weld aging treatment welds. Figure 7
shows the SEM images of the impact crack initiation area of the
weld. The SEM observation of the impact fracture morphology
shows that the microcracks first sprout at the notch and stably
expand to form a gray and dark fiber shape. After a certain
distance of stable crack growth, the cracks lose stability and
form a crystal shape. A large number of dimples are found in
the fiber area, which is all broken in the way of micropore
aggregation, as shown in Fig. 7. The results show that with the
increase of post-weld aging temperature, the width of impact
initiation zone increases obviously. When the post-weld aging
temperature is 580 °C, the minimum width of the crack
initiation zone is 484.5 um (Fig. 7a); when the post-weld aging
temperature is 600 °C, the maximum width of the crack
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initiation zone is 1.2 mm (Fig. 7b); when the post-weld aging
temperature is 620 °C, the maximum width of the crack
initiation zone is 2.0 mm (Fig. 7c), and the plastic deformation
zone is the largest. It can be seen that with the increase of post-
weld aging temperature, the width of crack initiation zone
increases, which indirectly proves that the impact absorption
energy of weld metal is increased by the generation of a large
amount of reverse austenite at higher temperature post-weld
aging treatment.

Figure 8 shows the fracture growth zone morphology of
weld metal at three post-weld aging temperatures. It can be seen
from Fig. 8(a), (b) and (c) that when the post-weld aging
temperature is 580 °C, the fracture morphology is a typical
quasi-cleavage fracture. There are large quasi-cleavage steps
and fan-shaped cleavage planes on the fracture, the surface of
the growth zone tends to be flat, the river direction tends to be
consistent, and the energy required for crack growth is reduced,
as shown in Fig. 8(a). When the effective temperature is
600 °C, the fracture surface shows quasi-cleavage and a small
amount of tear edges composed of dimples. The river direction
is complex, the size of cleavage surface is small, and more
small facets appear. There are some tear edges between the
small facets. The existence of small facets and tear edges
improves the toughness of the sample (Ref 28), as shown in
Fig. 8(b). When the post-weld aging temperature is 620 °C, the
fracture surface shows quasi-cleavage and toughness. When
dimples coexist, a certain amount of dimples and ductile tearing
edges composed of dimples are distributed on the quasi-
cleavage fracture surface. As shown in Fig. 8(c), the number of
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Fig. 5 Band contrast maps of EBSD of weld metal after aging-treated at 580 °C (a), 600 °C (b) and 620 °C (c)
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Fig. 6 Effect of aging temperature on properties

dimples or ductile tearing edges in the fracture also reflects the
impact toughness value of the fracture, which also shows the
reason for the high impact absorption energy when the post-
weld aging temperature is 620 °C. It can be seen that with the
increase of post-weld aging temperature, the fracture morphol-
ogy changes from brittle fracture to mixed fracture (i.e., from
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quasi-cleavage + cleavage — quasi-cleavage + a small
amount of dimples — dimples + a small amount of quasi-
cleavage). The energy consumed in the process of crack growth
increases gradually, and the change of impact fracture mor-
phology is consistent with the impact energy absorbed by the
weld.

4. Conclusions

The microstructure and mechanical properties of the 15-5PH
stainless weld metals at different post-weld treatment were
characterized. According to SEM and TEM analyses, when the
post-weld aging temperature is 580 °C, there is spherical
copper-rich phase precipitation. With the increase of post-weld
aging temperature, the copper-rich phase changes from coher-
ent phase to non-coherent phase. At 620 °C, the copper-rich
phase is in short rod shape. The size of the precipitated Cu-rich
phase increases gradually, and the number increases first and
then decreases. According to EBSD analysis, when the post-
weld aging temperature is 580 °C, there is a small amount of
austenite between the laths; that is, the reverse transformation
of martensite to austenite occurs during post-weld aging
treatment. With the increase of post-weld aging temperature,
the content of austenite in the structure increases, and it
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Fig. 8 The feature of crack propagation area at different aging temperature 580 °C (a), 600 °C (b) and 620 °C (c)

increases sharply when the temperature reaches 620 °C. With impact toughness increases. The former is mainly due to the
the increase of post-weld aging temperature, the tensile strength size and distribution of copper-rich phase, and the latter is
of weld metal increases first and then decreases, while the mainly due to the increase of reverse austenite content.
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