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Abstract: This article presents the results of research on the development of the technology of laser
beam butt welding of 17-4 PH stainless steel sheets and the technology of post-weld heat treatment
(PWHT). The developed technology allows for favorable conditions to be obtained and for the ap-
propriate microstructure and hardness to exist in the weld area. Moreover, it enables the fulfillment
of a number of specific requirements beyond the possibilities of manual welding and other methods.
The tests performed include the analysis of the microstructure with the use of light microscopy (LM)
for the materials after welding and PWHT. The applied PWHT showed changes in the microstruc-
ture and mechanical properties. In all weld areas the martensitic microstructure was observed. The
homogeneity of the microstructure in the area of the welded joint after PWTH was revealed. In the
as-welded condition and after the PWHT with aging at 481 °C, the hardness was 440 HV5, but after
aging at 621 °C, it decreased to 330-340 HV5.
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1. Introduction

The development of industry means that the materials used are required to work in
difficult conditions, with very good corrosion resistance and high strength. Due to the
combination of these properties, 17-4 PH steel is used successfully in the aviation [1], en-
ergy [2], shipbuilding [3], and petrochemical industries [4-7]. Its good corrosion resistance
is an effect of the chemical composition and its high strength is reached in a two-stage
heat treatment [8,9].

The 17-4 PH stainless steel (X5CrNiCuNb16-4) is a corrosion resistant steel with a
martensitic structure [1,9], good weldability [6], and wear resistance [7]. Obtaining a mar-
tensitic structure and the required mechanical properties requires a heat treatment that
involves supersaturation at a temperature of approximately 1020-1050 °C while cooling
in the air and then aging at a temperature in the range of 480-620 °C [2]. Aging ensures
the release of the dispersion Cu precipitates that are coherent with the matrix and consti-
tute the strengthening phase, where too long an aging time causes the growth of copper
precipitates and, at the same time, a decrease in hardness (mechanical properties) [4]. The
low carbon content makes it possible to limit the formation of chromium carbides, ensur-
ing the high ductility of martensite. Supersaturation at 1020-1050 °C ensures the dissolu-
tion of precipitates in a solid solution, where the copper precipitates (¢ phase) dissolve
already at 920 °C, and the chromium-rich phases (o, Z, M23Cs) dissolve above 950 °C.
Then, precipitates of niobium carbides may remain mainly undissolved [10-12]. This in-
dicates that when the 17-4 PH steel components are welded, the strengthening phase will
dissolve in the high temperature heat affected zone (HAZ) [8,13]. In addition, the use of a
filler material (FM) with a chemical composition compatible with the base material (BM)
will result in the weld being non-hardening and therefore, it will show lower mechanical
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properties than the BM in the condition after the heat treatment (PWHT). This requires
the post-welding heat treatment of the welded joints.

The good weldability of 17-4 PH steel means that conventional arc welding processes
are now used for welding, such as gas tungsten arc welding (GTAW) and shielded metal
arc welding (SMAW) [14,15]. These processes make it possible to join both thin and thick
sheets [15]. During welding, however, it is necessary to properly bevel the edges and, as
a result, add filler material. On the other hand, the heat input in arc welding causes over-
aging of the steel, and consequently, it is necessary to reheat them, which can lead to de-
formation in the products. Moreover, with significant thicknesses, preheating is also often
used to reduce the susceptibility to cracking [4,11].

To make high-quality joints of materials without decreasing the strength properties,
conventional methods are increasingly being replaced by laser welding. Welding with a
laser beam makes the joints obtained characterized by high quality and accuracy, which
is the effect of a high power density and low heat input. Low heat input is a consequence
of a high welding speed. Such process parameters allow it to reach a deep penetration and
a narrow heat affected zone (HAZ), but they also can strongly influence the porosity or
cracks which is very challenging [15]. The analyses conducted on the impact of the heat
input during welding cover a number of different issues related to the shape of the joint,
e.g., circumferential welds [16] or after repair [17], or joining thin or thick materials [18-
20]. Hybrid processes [20,21], as well as a specific type of generated beam [22-25] are also
gaining importance. A separate guess is the issue of the impact of the heat input into the
material and post-weld heat treatment of both 17-4 PH steel and other stainless steels, e.g.,
austenitic [19,23,26,27], ferritic [24], duplex [28], or aluminum [29,30]. This indicates that
despite the fact that construction materials are characterized by good weldability, the
method and effect of the heating and cooling, as well as the possible subsequent heat treat-
ment [31] are of key importance for mechanical, plastic, or operational properties
[12,13,32].

This work contains the results of microstructure and hardness tests obtained in the
newly developed technology of laser welding of 17-4 PH steel in the state after welding
and after a two-stage heat treatment (PWHT). The use of available laser devices was of
key importance for the technology being developed, while the results of technological tri-
als were not discussed in the paper. The joint made with favorable welding parameters
was subjected to detailed tests due to the microstructure and mechanical properties. The
results obtained for the as-welded conditions were related to the microstructure and prop-
erties obtained after the heat treatment, including supersaturation and aging.

2. Materials and Methods

The research included developing a technology for welding butt joints with the use
of laser beam welding (LBW) and then carrying out the PWHT to obtain the required me-
chanical properties and microstructure. The materials for the tests were sheets made of
precipitation-hardened stainless steel 17-4 PH—X5CrNiCuNb16-4; 1.4548 (250 mm x 100
mm x 3 mm). Welding was performed using a disc laser of 521 acc. to EN 4063 without
filler metal (FM). Figure 1 shows the requirements for preparing edges for welding and
the required weld dimension. In Table 1 the LBW parameters are presented.

The chemical composition analysis was performed by optical emission spectroscopy
(OES) using a Foundry Master WAS spectrometer (Table 2).
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Figure 1. The joint design requirements.

Table 1. The LBW parameters used for welding.

angular deformation: <0.2°

Parameter Value
Beam pattern CW mode
Welding speed 2000 mm/min (33.3 mm/s)
Focal length 300 mm
Laser power 2000 W
Beam diameter 0.4 mm
Heat input 60 J/mm

Table 2. The chemical composition of 17-4 PH stainless steel used for welding.

Element C Si Mn S P Cr Ni Cu Nb+Ta
EN Min. - - - - - 15.00 3.00 3.00 0.15
10088-1 Max. 0.07 1.00 1.00 0.03 0.04 1750 5.00 5.00 0.45
OES 006 0.69 084 002 002 1623 369 342 0.24

The quality assessment of the welded joints was carried out on the basis of the non-
destructive testing (NDT) method, including visual testing (VT) and liquid penetrant in-
spection (PT). In VT the requirements of EN ISO 17637 and EN 13018 were met. The VT
was carried out by a direct method in intense lighting of about 760 Ix with a universal
welding gauge with a resolution of 0.01 mm. The PT inspection met the ISO 3452-1 re-
quirements with the use of a colorful penetrant with kit I C e-2 and a light intensity of
over 500 Ix. The penetration and development time was 30 min, respectively. For the NDT
test, the acceptance level was B (highest) acc. To 13919-1 for the VT. The post-weld heat
treatment (PWHT) was carried out with the use of a FCP 3.5 chamber furnace equipped
with a SM 946 temperature controller. The PWHT parameters are presented in Table 3.

Table 3. The PWHT parameters.

Post Weld Heat Treatment

Supersaturation Aging
Sample T t Cooling T t Cooling
B 1070 °C 1h air * 481 °C 4h air *
C 1070 °C 1h air * 621 °C 4h air *

* Required: less than 1 h to 25 °C.

Macro- and microscopic examinations were carried out in the cross-section after me-
chanical grinding, polishing, and electrochemical etching in a 10% CrOs + 90% H2O solu-
tion for about 10 s. The microstructure was characterized using the light microscopes (LM)
Leica Stereozoom S9i (Leica, Wetzlar, Germany) and Leica DM/LM (Leica, Wetzlar, Ger-
many).
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Hardness measurements were made using the Vickers method with an intender load
of 10 kG (98.07 N), using a Zwick/Roell ZHU 187.5 hardness tester (Zwick Roell Group,
Ulm, Germany).

3. Results and Discussion
3.1. NDT Tests

The VT revealed the correct shape of the face that meets the requirements of quality
level B acc. to ISO 13919-1. The VT and PT tests did not reveal cracks or discontinuities,
which indicates that the surfaces of the welded joints made did not show incompatibility.
The face was characterized by high regularity. The root showed the correct shape and
uniform width throughout its entire length (Figure 2).

5mm

(a) Cross-section (c) Root side

Figure 2. The macrostructure of the joints in the cross-section (a) and on the face (b) and root (c)
side; WM —weld metal, HAZ —heat affected zone, BM —base metal.

3.2. Macroscopic Examination

The macrostructure of the sample cross-section (Figure 2a) showed the symmetrical
nature of the WM. Its shape and width were uniform throughout the joint length. The face
(Figure 2b) had a convex shape with a smooth transition into the BM, while the root (Fig-
ure 2c) showed a large relief with a sharp transition into the BM. The cross-section showed
that the heat affected zone (HAZ) was characterized by two areas. The HAZ areas were
of the same width on both sides of the joint. The observation of the joint cross-section did
not reveal any visible subsurface defects.

3.3. Microscopic Examination

The microscopic examination (Figure 3a) revealed the presence of a coarse-grain mar-
tensitic structure in the WM. Crystallites grew from the fusion line, both on the right and
left sides, aligning with the axis of the weld towards the face. The structure in both regions
of the HAZ showed a fine crystalline martensitic character. The comparison of these areas
shows that the number of secretions that appeared in both areas is the same. In the first
HAZ area, the grain boundaries were less visible due to the high temperature that occurs
in this area during welding (supersaturation area). In the second region, the temperature
was within the aging temperature range. As a result, precipitation processes occurred,
which resulted in less visibility of the grain boundaries in the microstructure of second
area of the HAZ. The structure of the HAZ was characterized by a structure identical to
that of the BM.
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1050 °C (1h)
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Figure 3. The microstructure of the joint after: (a) welding, (b) PWHT (1050 °C/481 °C), and (c)
PWHT (1050 °C/621 °C).

In the cross-section of the joint (Figure 3b) subjected to the supersaturation process
at 1050 °C for 1 h and the aging process at 481 °C for 4 h, the WM was hardly visible. This
proves that as a result of the PWHT the process of homogenization of the entire welding
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area took place. The grain boundaries of the former austenite were revealed. An observa-
tion of the WM revealed grains as large as 20 um. This grain size classified the structure
as fine. The microstructure of the BM showed that it does not differ structurally from that
of the WM. The difference appeared in the size of the grains. The grains found in the BM
were characterized by smaller sizes than those of the WM.

In the cross-section of the joint (Figure 3c) subjected to the process of supersaturation
at the temperature of 1050 °C for 1 h and the aging process at the temperature of 621 °C
for 4 h, the weld was practically invisible (uniformity of the WM). In the welding area, the
banding of the structure, created by the rolling of the sheet, which was visible in the BM,
was lost. The observation of the microstructure of the WM showed a martensitic structure
with sharp visible grain boundaries of the former austenite. The structure of the WM dif-
fered in morphology from that of the BM.

3.4. Hardness Testing

The distribution of the hardness after welding was even in all areas of the welded
joint. The hardness ranged from 425 HV5 to 460 HV5. The HV5 hardness distribution (Fig-
ure 4) shows a lack of significant changes for the PWHT with aging at 481 °C (approxi-
mately 440 HV5) and a decrease in hardness to about 330-340 HV5 after aging at 621 °C
compared to the as-welded conditions (440-450 HV5). It showed that the applied PWHT
(1050/621) strongly affected the mechanical properties of the joint. Both in the joints after
as-welding and after the PWHT, no significant differences in hardness between the HAZ
and BM were observed. Since in the samples after the PWHT, the HAZ area was macro-
scopically invisible as an effect of the structure homogenization, the comparison of the
hardness was related to the analogous areas revealed for the as-welded condition.

500

HAZ BM WM BM

400 —e—HT 1 (1050/481)

—& A5 welded 380

—e—HT 2 (1050/621)

Hardness, HVS

360
340
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HT 2 (1050/621)

HT 1 (1050/481)

Figure 4. The Vickers hardness distribution in the cross-section for the conditions of the as-welded
and after heat treatment with the indent placement.

3.5. Discussion

In order to assess the impact of the heat treatment on the microstructure and hard-
ness of welded joints made with a laser beam, a welded joint meeting the technological
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requirements was made. The high quality of the joint was confirmed in NDT tests. The
welded joints subjected to NDT tests revealed compliance with the technological require-
ments and met the requirements of the B quality level according to EN ISO 13919 (Figures
1 and 2). The joint was characterized by full penetration and a narrow HAZ (Figure 2a)
which the macroscopic examination shows. No cracks were found in the NDT tests. This
indicates that the use of a laser beam for welding 17-4 PH steel with the thickness up to 3
mm is beneficial in terms of the shape of the welded joint. The aim of the technological
trials was to develop a laser beam welding technology that would provide a favorable
amount of heat input into the material, ensuring an even distribution of hardness in the
state after welding, which could be the basis for resigning from the PWHT. The tests per-
formed to assess the effect of the PWHT on the microstructure revealed that as a result of
supersaturation, the microstructure was homogenized in the welded joint and caused the
coarse-grained structure of the WM to disappear. The weld area (WM) after welding had
a coarse-grained microstructure typical of casting processes (Figure 3a).

Due to the thermal conductivity of steel, the heat is dissipated to adjacent areas
(HAZ), causing structural changes or initiating precipitation processes [8,9]. This means
that by limiting the amount of heat input into the material at the appropriate welding
speed, it is possible to make high-quality joints with favorable mechanical properties
without causing significant (adverse) structural or mechanical changes, which is typical
of overaging observed by GTAW or SMAW welding [14,15].

In evaluating the structural and mechanical properties in the as-welded condition,
the heat treatment (PWHT) was performed at 481 °C and 621 °C (Table 3). The test results
showed that both in the as-welded condition and after the PWTH, a martensitic structure
typical of 17-4 PH stainless steel was observed (Figure 3). On the other hand, comparing
the hardness distributions in the as-welded condition and the PWTH condition at 481 °C,
it can be observed that the hardness (HV5) was similar both in all areas of the joint and
between the as-welded condition and the PWTH (Figure 4). The obtained hardness values
were approx. 440 HV5. This indicates that the copper strengthening effect was taking
place. The strengthening phase consists of finely dispersed copper precipitates coherent
with the matrix [1,2,8]. Therefore, the high welding speed (short welding time) did not
cause coagulation of the copper precipitates that could lead to a decrease in the hardness.
The PWHT at 621 °C caused the reinforcing phase to become incoherent with the matrix,
which in turn led to a decrease in the hardness to approximately 330-340 HV5 [4].

4. Conclusions

The VT showed that the tested joint met the quality level B according to PN-EN ISO
13919. This shows that it is possible to make a correct joint welded with a LBW of 17-4 PH
stainless steel with thickness of 3 mm.

The joint was characterized by a slightly convex face and correct root fusion. Macro-
scopic examination revealed a symmetrical shape of the weld with a coarse-grained struc-
ture in two areas of the heat-affected zone, which are structurally identical. Microscopic
examination showed that the sample had the typical martensitic structure of 17-4 PH steel
joints. The PWHT led to homogeneity of the weld area and the base material. Both the as-
welded and after PWHT condition did not reveal the hardening phase precipitation visi-
bility during microstructural observations.

In the as-welded condition, the hardness was similar in each area of the joint and
ranged between 425 and 460 HV5. The lack of significant changes in the HAZ indicates
that the amount of heat input into the material did not cause significant changes in the
HAZ that could result in the loss of (decrease) mechanical properties.

An even distribution of hardness was observed in both the as-welded and PWHT
conditions. The applied aging temperature of 481 °C provided a hardness similar to that
of the as-welded condition of approximately 440 HV5, which indicated that both after
welding and after PWHT, the precipitation of the strengthening phase remained coherent
with the matrix. In the case of the sample subjected to aging at a temperature of 621 °C,
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the hardness decreased to 330-340 HV5, which could have been due to the effect of copper
precipitates coagulation. Coarse precipitations are incoherent with the matrix which de-
creases the hardening effect.

This developed technology provides the possibility of obtaining favorable mechani-
cal properties after welding and heat treatments. In low-temperature operating condi-
tions, the joints can be operated in the post-weld condition, where a martensitic structure
is obtained during welding, but for applications requiring higher loads, PWHT is neces-
sary and obligatory for the homogenization of the microstructure.
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