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Abstract: Additive manufacturing is an innovative solution to produce components char-

acterized by complex geometries. The use of such parts requires a deep knowledge of

their behavior under different service conditions, especially from mechanical and corrosion

resistance points of view. One of the most well-known and employed materials produced

by selective laser melting is nickel alloy 625. It is already commonly used in its conventional

form, but the additive manufacturing technology, despite its higher production costs and

lower productivity, is becoming competitive because of its excellent mechanical strength. It

is in fact significantly higher compared to the conventionally manufactured alloy whose

properties are often limited by the difficulty in retaining a fine grain size during plastic

deformation and heat treatment. Even though the as-built performance is already quite

good, further strength improvement can be attained upon tailored single- and double-

aging treatments that are optimized starting from the experimental results obtained in the

conventional alloy and also considering the influence on corrosion resistance. In addition,

considering that the stress-relieving treatment recommended for the conventional forged

alloy at 870 ◦C is not suitable for the selective laser-melted material because of the more

rapid precipitation response, this temperature is optimized to improve both the tensile

deformability and the corrosion behavior.

Keywords: alloy 625; selective laser melting; aging treatment; stress-relieving treatment;

corrosion resistance

1. Introduction

Nickel alloy 625 was patented in 1964 by H. L. Eiselstein and J. Gadbut. Its chemical

composition is characterized by the presence of high amounts of chromium, molybdenum,

and niobium, which provide excellent mechanical strength and corrosion resistance in

several environments [1–11]. For such a reason, this alloy grade is adopted in many

applications, such as aerospace, chemical, oil and gas extraction, power generation, and

automotive [1,4,6,11]. The ASTM B446 standard [12] requires alloy 625 to be heat-treated

following two processes: soft annealing and solution annealing. The former requires a

minimum temperature of 870 ◦C, and it is recommended for applications below 600 ◦C,

where good mechanical and corrosion properties are required [12]. The latter is instead

suggested to improve the creep strength at temperatures above 600 ◦C, and it is performed

at a minimum temperature of 1093 ◦C [12]. In the soft-annealed condition, this alloy is

characterized by an austenitic microstructure with a heterogeneous distribution of primary

Nb and Ti carbides and nitrides [8–11,13]. The thermal exposure above about 600 ◦C during

processing, heat treatment, and service can activate complex precipitation phenomena that

are able to modify the mechanical and corrosion resistance significantly [1,10]. On the other
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hand, special heat treatments can be developed to obtain a hardening effect when required

by the service conditions [12]. The time–temperature–precipitation (TTP) curves available

in the literature are reported and adapted in Figure 1 for both the conventional alloy and that

manufactured by SLM focusing the attention on the δ phase that is the most detrimental

for the material’s toughness. Metal carbides (MC, M6C, and M23C6) and intermetallic

(especially γ′′ phase) and Laves phases can be present as well [10]. These compounds can

decrease the corrosion resistance (especially when intergranular Cr- and Mo-rich carbides

precipitate in the metal matrix), the ductility (especially when Cr- and Mo-rich carbides are

created at the grain boundary), and the deformability of the alloy [1–4,10,14–16]. Finally,

niobium, aluminum, and titanium promote the precipitation of the intermetallic hardening

γ′′ phase.
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Figure 1. Experimental time–temperature–precipitation (TTP) curves for the delta phase of the SLMed

60 alloy 625 compared to those of the wrought (WR) alloy. Adapted from [10,17,18].

Nowadays, additive manufacturing is increasingly adopted for producing a variety of

components especially when complex geometries are required. In fact, in these cases, the

conventional manufacturing processes are typically not suitable because of technological

limits and/or shape complexity. Among the wide range of additive technologies, this research

work is focused on the selective laser melting (SLM) technique. Starting from a CAD model,

this method allows us to generate parts layer by layer with a build direction perpendicular to

the base plate. Each powder bed is selectively melted by a laser beam. Once the first layer is

completed, the base plate is lowered, and the stacking process is continued. During the process,

an inert gas (argon or nitrogen) is adopted to avoid powder oxidation within the chamber.

Considering the huge growth in the adoption of additive manufacturing techniques in the

last decade, this research work is also aimed at investigating the mechanical properties of the

selective laser-melted alloy 625 in comparison with those of the conventionally manufactured

one. This is extremely useful for designers in the transition from the conventional 625 alloy

to the additive manufactured one with reliable data about the mechanical performance and

strategies for further strength enhancement based on tailored heat treatments. The literature

data about the mechanical properties of the selective laser-melted alloy 625 are reported in

Table 1 and compared to those of the conventional wrought and centrifugally cast alloys.

Table 2 provides a summary of the data reported in Table 1 with the range and the average

values for each condition. According to these data, the as-built selective laser-melted alloy 625

shows outstanding mechanical properties compared to those of the conventional wrought
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and centrifugally cast alloys. Moreover, in the as-built condition, the mechanical strength

is reduced by both soft- (1038 ◦C) and solution-annealing (1150 ◦C) treatments because of

grain coarsening after recrystallization and the progressive removal of the original dendritic

structure. However, because of the excellent fineness of the as-built microstructure, the

mechanical strength upon annealing treatments remains higher than that observed in both

the conventional wrought and centrifugally cast alloys. These excellent properties make

selective laser melting a promising manufacturing process from the point of view of static

mechanical strength.

Table 1. Literature data about the mechanical properties of the selective laser-melted alloy 625

compared to those of the conventional wrought and centrifugally cast alloys. A% is the percentage of

elongation.

Condition Hardness YS [MPa] UTS [MPa] A% Reference

As-built (SLM) --- 567–783 836–1041 10–57 [19]

As-built (SLM) --- 350–400 840–910 56–62 [20]

As-built (SLM) 285 HBW 618–783 891–1041 33–41 [21,22]

As-built (SLM) --- 770 1039 40 [23]

As-built (SLM) --- 709–859 1103–1242 27–30 [24]

As-built (SLM) 342 HV0.5 566 1087 29 [25]

As-built (SLM) 304 HV0.3 --- --- --- [26]

As-built (SLM) 332 HV0.5 676–767 964–1055 34–42 [27]

As-built (SLM)
273–303 HV2

300–320 HV0.1
630 827 --- [28]

As-built (SLM) + 1038 ◦C --- 523–577 841–854 --- [19]

As-built (SLM) + 1038 ◦C 253 HV0.5 598–633 955–1020 39–43 [27]

As-built (SLM) + 1150 ◦C --- 379 851 55 [22]

As-built (SLM) + 1150 ◦C 190 HBW 396 883 55 [21]

As-built (SLM) + 1150 ◦C 190 HBW --- --- --- [29]

Wrought (solubilized) --- 413 914 70 [30]

Wrought (solubilized) --- 350 809 76 [23]

Wrought (solubilized) 169–275 HV30 317–460 751–910 47–70 [11,31]

Centrifugally cast
80–90 HRB
151–188 HV

290–310 580–595 46–57 [28,32]

Table 2. Summary of the data reported in Table 1 with range and average values for each condition.

Condition YS [MPa] UTS [MPa] YS/UTS [-] A%

As-built (SLM)
Range 350–859 827–1242 0.43–0.76 10–62

Average 653 990 0.66 38

As-built (SLM) + 1038 ◦C
Range 523–633 841–1020 0.62–0.68 39–43

Average 583 918 0.64 41

As-built (SLM) + 1150 ◦C
Range 379–396 851–883 0.45–0.45 55–55

Average 388 867 0.45 55

Wrought (solubilized)
Range 317–460 751–914 0.43–0.47 47–76

Average 384 851 0.45 68

Centrifugally cast
Range 290–310 580–595 0.50–0.52 46–57

Average 300 588 0.51 53
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The additive manufacturing technique permits a high customization level and design

freedom in terms of shape and thicknesses. Such peculiarity is fundamental to efficiently

exploit topological optimization at the design stage, with the aim of obtaining improved

geometries in terms of weight and mechanical performance. However, low productivity

and high manufacturing costs remain critical aspects for a broader application of these

techniques. Moreover, in the as-built condition, additively manufactured parts are typically

associated with poor surface finishing and process-induced defects which can detrimentally

affect the fatigue resistance and lead to incompatibility with geometrical tolerances. For

this reason, post-processing techniques, such as hot isostatic pressing, shot peening, sand

blasting, electropolishing, and machining, can be adopted to improve the surface quality

and the defect content. In the as-built condition, selective laser-melted (SLMed) components

are characterized by the presence of textured tracks with their orientation dependent on the

scanning strategy. Because the process involves high cooling rates, the microstructure is

characterized by melt pools composed of very fine dendritic structures with both columnar

and cellular morphology. The cellular morphology is induced by the modification of the

columnar one due to high cooling rates [33]. The presence of high solidification rates and

several local thermal cycles determines the formation of a very fine microstructure with a

high level of micro-segregation [17]. Even though such high cooling rates are able to develop

metallic glasses, alloy 625 solidifies as a crystalline solid with the possible formation of

metastable phases sometimes with an amorphous structure. According to the literature [34,35],

the dendrite cores are mainly enriched with nickel and chromium, while the interdendritic

regions are rich in niobium and molybdenum and depleted in chromium. Such enrichment

in niobium and molybdenum towards the interdendritic region promotes the formation of

the δ and γ′′ phases [17]. Therefore, the precipitation response in the selective laser-melted

material is significantly enhanced. The comparison among the TTP curves of the conventional

and selective laser-melted materials is reported in Figure 1. According to the literature [25],

one of the main drawbacks of the SLM process is the formation of thermally induced residual

stresses. This phenomenon can determine severe distortion and even failure caused by the

accommodation of the residual stresses after the removal of the component from the build

plate. Such behavior becomes more and more critical in the presence of thin components. This

phenomenon is mainly provoked by the extremely high cooling rates (up to 106 K/s) achieved

during the SLM process which determine strong thermal gradients between the layers [17].

For this reason, stress-relieving treatment performed before removing the components from

the build plate is required to prevent such a detrimental phenomenon. According to the

literature [5], the minimum stress-relieving temperature recommended for conventional alloy

625 is 870 ◦C (1 h per inch of section). In the selective laser-melted material, as observed by

several authors [17,18,25], which is different from the wrought alloy, the formation of the

detrimental δ, Ni3Nb phase at 870 ◦C is obtained after very short exposure times (15 min). The

precipitation of this phase provokes a significant decrease in toughness, tensile deformability,

and corrosion resistance [25]. In fact, the low chromium content along the Ni3Nb precipitates

of both the γ′′ and δ phases creates local anodic regions in the microstructures which are

preferentially attacked, leading to an accelerated corrosion rate [36,37]. A further loss in

corrosion resistance can be determined by the simultaneous precipitation of chromium-rich

carbides that can be obtained at 870 ◦C after short exposure times, as demonstrated by the TTP

diagram in Figure 1. The dramatic toughness loss in the presence of the δ phase is induced

by its elongated and needle-shaped morphology. As reported in the literature [29], SLMed

alloy 625 shows a faster kinetic of δ-phase precipitation in comparison to the conventional

wrought alloy. In fact, in the alloy processed using SLM, at 870 ◦C, the formation of the δ phase

starts after 15 min, while at least 20 h are required for the wrought alloy. Some studies also

demonstrate that the presence of residual stresses promotes the precipitation response, but this
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effect has a lower importance compared to micro-segregation [17]. Consequently, this research

work investigates alternative stress-relieving temperatures that are able to relieve residual

stresses, avoid the formation of δ phase, and maintain acceptable mechanical and corrosion

properties. As reported by Martucci et al. [25], stress-relieving treatments performed at

reduced temperatures in the range from 750 ◦C to 800 ◦C prevent the formation of the δ phase,

but only a partial reduction (from 50% to 90%) in the residual stresses is obtained. Therefore,

this research work investigates the feasibility of higher stress-relieving temperatures in terms

of both mechanical and corrosion properties. Considering that the stabilization heat treatment

is performed at 980 ◦C in the conventional wrought alloy [12], we decided to investigate the

stress-relieving temperature of 980 ◦C to also permit a simultaneous improvement in the

corrosion resistance, with a clear beneficial industrial effect related to the production of SLM

parts with high mechanical resistance and superior corrosion properties.

Starting from the results published in prior research papers of the authors, the aging

response of the as-built selective laser-melted material upon single- and double-aging

treatments was analyzed in different time–temperature conditions among the most promis-

ing alloys by comparing the results against those obtained in the conventional alloy. The

mechanical properties were measured using hardness and tensile tests, while corrosion

resistance was analyzed in selected conditions in terms of susceptibility to intergranular

corrosion in a solution of ferric sulfate and sulfuric acid for 120 h, according to the ASTM

G28-A standard [38]. After the investigation of the aging treatment, the stress-relieving

temperature was studied to improve the mechanical strength, tensile deformability, and

corrosion resistance.

2. Materials and Method

The selective laser-melted alloy 625 was provided in the as-built condition in the form

of bars printed horizontally, as shown in Figure 2. The dimensions of the transversal section

were 12.5 mm × 12 mm, and the length was equal to 100 mm. The adopted bars were

manufactured for each layer using the island scanning strategy, thus forming a chessboard

pattern with a layer thickness of 30 µm, and the laser parameters are summarized in Table 3.

The printing parameters were optimized by the producer aiming to minimize the residual

porosity and improve the mechanical characteristics.
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(a) 
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Figure 2. As-built selective laser-melted bars made of alloy 625 adopted in this work. (a) View

of some of the printed rods; (b) details of the island scanning strategy adopted for the inner

chessboard pattern.



Appl. Sci. 2025, 15, 5441 6 of 19

Table 3. Laser parameters adopted for the contour and the inner area of the SLMed bars.

Contour Inner Area (Islands)

Power [W] 120 180

Speed [mm/s] 400 900

Spot size [µm] 50 150

The aging treatments were carried out in a laboratory furnace. The tensile specimens

were machined along the longitudinal direction of the bars. The samples for microstructural

analyses and hardness tests were prepared according to the conventional metallographic

technique. In particular, cutting was performed using silicon carbide wheels with a Remet

(model TR100 EV) cutting machine (Bologna, Italy). The mounting of the metallographic

samples was performed in hot thermo-setting phenolic resin using a mounting machine.

The grinding and polishing operations were performed using a Struers machine (Ballerup,

Denmark). Chemical etching was carried out in five parts HCl diluted in one part 30%

H2O2 for 10 s [5,39,40]. Microstructural analyses were carried out via a Leica light optical

microscope (Wetzlar, Germany) and a Zeiss scanning electron microscope (Oberkochen,

Germany). The HV30 Vickers hardness tests were conducted using a Wolpert Testor

930 hardness tester (Ludwigshafen am Rhein, Germany) according to the EN ISO 6507

standard [41]. The hardness tests of the selective laser-melted material were performed

on the ZX plane. In each tested condition, five hardness measurements were carried

out. Tensile tests were performed in selected conditions according to the EN ISO 6892

standard using round proportional specimens (6 mm gauge length and diameter) with an

INSTRON 4507 testing machine (Norwood, MA, USA) [42]. The intergranular corrosion

tests were carried out in a solution of ferric sulphate and sulfuric acid for 120 h, according

to the ASTM G28—Method A standard [38]. The size of the corrosion specimens was

12 mm × 12.5 mm × 8 mm. They were cut along the longitudinal direction of the printed

bars; then, they were prepared and polished according to the ASTM G28—Method A

standard [38]. The mechanical strength requirements are reported in the ASTM B446

standard [12]. For corrosion resistance, a maximum corrosion rate of 1.20 mm/year was

considered since it represents a typical prescription for most of the industrial applications

of this grade.

The experimental data on the conventional forged and soft-annealed (1038 ◦C) alloy

625 were elaborated for comparison purposes from the literature data already published

by Panzeri et al. [11,43,44]. In this case, the material was taken from an as-forged 60 mm

diameter rod. All the soft-annealing and aging treatments were carried out on the metallo-

graphic samples and the tensile and corrosion specimens using a laboratory furnace. The

samples for metallographic analyses and hardness tests were cut from the received rod

with dimensions of 10 mm × 10 mm × 10 mm. The tensile specimens were machined from

the longitudinal direction of the received rod. Hardness, tensile, and corrosion tests were

carried out considering the same procedure and the reference standards adopted for the

tests on the selective laser-melted material [38,41,42].

3. Results and Discussion

3.1. As-Built and Stress-Relieved Conditions

Figure 3 reports the micrographs of the selective laser-melted material in each plane

obtained via light optical and scanning electron microscopy. XY is the scan plane, and

it is perpendicular to the build direction Z. In the XY plane, the microstructural analysis

showed the presence of elongated tracks of the melt pools with hatch angle rotation in

the layer-stacking process equal to 60◦, as shown in Figure 3b. The micrographs related
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to the ZX and YZ planes report melt pools stacked in the build direction with uniform

orientation and shape (Figure 3c,d). The solidified microstructure is represented in the

SEM micrographs of Figure 3e,f. Both cellular-shaped structures and elongated dendrites

are present with different orientations. The melt pool boundaries are clearly highlighted

by the chemical etching process in Figure 3, and they are denoted by dashed yellow

lines in the SEM micrographs. The average values of the melt pool width and depth

were measured using the micrographs of the as-built material. They resulted equal to

115 µm and 220 µm, respectively.

ff

  
(a) (b) 

  
(c) (d) 

(e) (f) 

ff

Figure 3. Micrographs of the selective laser-melted material in the as-built condition obtained via

light optical and scanning electron microscopy. Figure (a) reports an overview of the microstructural

features on three perpendicular planes. The melt pools on the three planes are shown in (b–d). SEM

observation of the melt pools are reported in (e,f): dendrites with different orientations are visible

in (f).
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In SLMed alloy 625, the room-temperature mechanical properties obtained via the

hardness and tensile tests in both the as-built and stress-relieved conditions are reported in

Tables 4 and 5.

Table 4. Vickers hardness HV30 of the SLMed alloy 625 in both the as-built and stress-relieved

conditions for each plane. The standard deviation values range from 1 to 3 HV30.

Plane
As-Built

HV30
Stress-Relieved (875 ◦C 45 min)

HV30

XY 312 314

YZ 306 307

ZX 310 311

Average 309 311

Table 5. Room-temperature mechanical properties of the SLMed alloy 625 in both the as-built and

stress-relieved conditions. Tensile specimens were machined along the Y direction of the SLMed bars

(longitudinal direction). Z% is the percentage reduction in area. The standard deviation values range

from 1 to 2% for A% and Z% and from 2 to 10 MPa for YS and UTS.

As-Built Stress-Relieved (875 ◦C 45 min)

YS
[MPa]

UTS
[MPa]

YS/UTS A% Z%
YS

[MPa]
UTS

[MPa]
YS/UTS A% Z%

This work 732 1041 0.70 31.0 38 742 1078 0.69 28.0 30

Minimum
ASTM B446

414 827 --- 30.0 --- 414 827 --- 30.0 ---

In both the as-built and the stress-relieved conditions, the selective laser-melted alloy

625 is characterized by outstanding mechanical strength. In fact, it is significantly higher

compared not only with the average literature properties of the conventionally manufac-

tured material reported in Table 2 (wrought and centrifugally cast) but also compared to the

minimum requirements defined by the ASTM B446-19 standard [12]. This strength increase

is obtained at the expense of tensile deformability, which is reduced when compared to that

of the conventional material. Moreover, in the stress-relieved condition, the percentage of

elongation after fracture A% is lower than the minimum standard of the prescription. The

mechanical properties in the as-built condition are compatible with the literature ranges

reported in Table 2 for SLMed alloy 625. The ratio between yield strength and ultimate ten-

sile strength is appreciably increased in the selective laser-melted material (0.70) compared

to the literature data of both the wrought (0.45) and centrifugally cast (0.51) counterparts

reported in Table 2. In addition, the mechanical performance of the selective laser-melted

material is significantly better than that of the centrifugally cast version, as shown by the

comparison with the literature data in Table 2.

The susceptibility to intergranular corrosion was determined following the ASTM G-28

Method A standard [38] in both the as-built and stress-relieved conditions. The results were

compared with those of the conventional wrought and soft-annealed material. In the as-

built condition, the corrosion rate was equal to 0.38 mm/year after the 120 h corrosion test.

Therefore, corrosion resistance in this condition is slightly higher than that measured by

Panzeri et al. [43] on the conventional wrought and soft-annealed material (0.65 mm/year).

Cabrini et al. [33] observed significantly higher corrosion resistance in the as-built condition

(0.72 mm/year) compared to that of the conventional wrought and soft-annealed material

(1.50 mm/year). They attributed this difference to the very fine dendritic structure of



Appl. Sci. 2025, 15, 5441 9 of 19

the selective laser-melted alloy. In the stress-relieved condition, the corrosion rate was

equal to 7.07 mm/year. As also reported in the literature [17,18,25,34,45], such a dramatic

loss compared to the excellent behavior of the as-built material is mainly determined by

the fast precipitation of carbides and the δ phase starting from the interdendritic regions.

Consequently, this result confirms that the stress-relieving treatment at the temperature

(875 ◦C) recommended for the conventional alloy is not feasible in the selective laser-

melted material because of the significant loss in corrosion resistance induced by its faster

precipitation response.

3.2. Single- and Double-Aging Treatments

The age-hardening response upon single-aging treatments was investigated in the

selective laser-melted material at the same aging temperatures considered by Panzeri

et al. [43,44] for the conventional wrought alloy, i.e., 732 ◦C and 621 ◦C. The experimental

single-aging curves obtained using the hardness tests are reported in Figure 4 and were

compared with those obtained by Panzeri et al. [43,44] on the conventional forged and

soft-annealed material. The main difference is related to the initial hardness, which is

significantly lower in the forged material (soft-annealed condition) compared to the se-

lective laser-melted one (as-built condition). As previously described, this difference can

be ascribed to the improved microstructural fineness in the selective laser-melted alloy.

For such a reason, the conventional forged and soft-annealed alloy requires a single aging

process at 621 ◦C for 600 h to attain a hardness value equal to that in the as-built condition

for the selective laser-melted material. Regarding the hardness increment, the selective

laser-melted material is characterized by a faster response in the early stage of precipitation,

especially in the case of single aging at 621 ◦C. Then, the rate of hardness increase starts

reducing compared to the behavior of the conventional material.

𝛿

ff

ff

tt

(a) (b) 

(c) (d) 

Figure 4. Hardness curves after single-aging treatments at 621 ◦C (a,c) and 732 ◦C (b,d) of the selective

laser-melted alloy in comparison to the conventional forged one. The hardness increase induced by the

aging treatment is significantly less for the SLMed specimens, even if their hardness always remains

higher than that of the forged material. The standard deviation values range from 1 to 5 HV30.
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Successively, starting from the results obtained by Panzeri et al. [43,44] on the double

aging of the conventional forged alloy, the double-aging response with primary aging at

732 ◦C and secondary aging at 621 ◦C was also investigated in the selective laser-melted

material by varying the exposure times at both the temperature levels. The results, reported

in Figure 5, were compared to those obtained in the conventional material. Figure 5b shows

that the hardness increase allowed for the addition of the primary aging step at 732 ◦C

compared to single aging at 621 ◦C. According to the results reported in Figure 5b, the

acceleration provided by the double-aging procedure is more significant in the conventional

forged alloy compared to the selective laser-melted one. In fact, in the latter case, the

hardness increment is largely reduced, and this behavior is even more evident when

the duration of secondary aging is increased. Therefore, in the selective laser-melted

material, the beneficial effects of double aging in terms of mechanical strengthening are

appreciably lower than those experimented in the conventional alloy. Such different

behavior is probably determined by the faster precipitation response of the additively

manufactured material that does not need additional primary aging at higher temperatures

to trigger and accelerate the age-hardening process, as is required for the conventional

alloy [43,44].

tt

ff
ff

(a) (b) 

ffi

ff

Figure 5. (a) Hardness curves upon double aging at 732 ◦C and 621 ◦C of the selective laser-melted

alloy 625 in the as-built condition; (b) comparison of the hardness increments with double aging

allowed for the addition of primary aging compared to single aging at 621 ◦C. The standard deviation

values range from 1 to 3 HV30.

The influence of the single-aging treatments at 621 ◦C on room-temperature mechanical

strength was investigated via tensile tests for both the selective laser-melted alloy and

the conventional forged one. The results are reported and compared in Figure 6. In

the conventional material, because of the presence of insufficient mechanical properties

in the soft-annealed condition, the aging treatment is required to satisfy the minimum

standard requirements [12]. In particular, in this case, single aging at 621 ◦C for 130 h is

associated with acceptable tensile properties. Such strength improvement is obtained at the

expense of tensile deformability, which is reduced, but it remains well above the minimum

standard requirement (30%) [12]. The selective laser-melted alloy 625 is characterized by

excellent mechanical strength in the as-built condition, but the percentage of elongation

after fracture A% is very close to the minimum standard requirement [12]. In this case, the

aging treatment can be exploited to further improve its mechanical strength. Nevertheless,

such a strengthening effect is obtained at the expense of deformability. In fact, for the tested

aging conditions, the values of the percentage of elongation after fracture A% are lower

than the minimum prescription [12].
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Figure 6. Room-temperature tensile properties after single-aging treatments at 621 ◦C of the con-

ventional forged and soft-annealed alloy 625 [43,44] and the selective laser-melted one. Figures

(a,b) report the yield strength (a) and the ultimate tensile strength (b) in selected conditions. The

mechanical properties of the as-built material are significantly higher than those of the conventional

forged alloy. Figures (c,d) report the percentage elongation after fracture A% (c) and the percentage

reduction of area Z% (d). Tensile deformability is lower and even below the standard minimum

requirement for the aged conditions. The standard deviation values for YS and UTS range from 2 to

13 MPa and from 1 to 2% for A% and Z%.

In the stress-relieved condition (875 ◦C 45 min), the mechanical properties of the selec-

tive laser-melted alloy 625 are similar to those in the as-built condition. However, tensile

deformability is lower than the minimum prescription of the ASTM B446 standard [12]. In

addition, the corrosion rate determined according to the ASTM G28-Method A standard is

well above the limit value considered in this research work [38]. As reported in the litera-

ture [17,25,34,35,45], such dramatic degradation of properties is determined by the precipita-

tion of carbides and the δ phase starting from the interdendritic regions and moving towards

the dendrite center. Therefore, this behavior confirms that the stress-relieving temperature of

875 ◦C (recommended for the conventional alloy) is not feasible in the selective laser-melted

material because of its faster precipitation response. Also in the conventionally manufactured

alloy 625, the formation of the δ phase determines a severe loss of tensile deformability [2],

but the precipitation of this embrittling phase requires at least 20 h at 875 ◦C, according to

the time–temperature–precipitation diagram reported in Figure 1. Based on the literature

TTP curve shown in Figure 1 for the selective laser-melted alloy 625, the onset of δ phase

formation at 875 ◦C requires only 15 min due to the presence of faster precipitation [17,18].

According to the literature [25], the stress-relieving treatment at 875 ◦C is suitable to obtain a

sufficient mitigation of residual stresses, but at the expense of a severe toughness loss due to δ

phase formation. For this reason, it is required to optimize the stress-relieving temperature by

avoiding the simultaneous precipitation of detrimental phases. Such microstructural modifi-

cations can be avoided with a sufficient reduction in the stress-relieving temperature, but the

mitigation of residual stresses can become insufficient [25]. Another possibility is represented
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by the adoption of temperatures above 875 ◦C. In this case, the reduction in residual stresses

is ensured, but in order to not activate detrimental microstructural changes, it is necessary

to select temperatures far enough from the nose of the TTP curves of the δ phase, which is

located at about 920 ◦C. However, upon increasing the temperature, the loss of mechanical

strength due to microstructural recrystallization and coarsening can become significant, and it

should be carefully considered in order to identify the condition with the best combination of

tensile strength, deformability, and corrosion resistance.

The influence of high-temperature annealing on the mechanical strength of the as-

built material was investigated from 980 ◦C to 1100 ◦C. According to the results reported

in Figure 7, thermal exposure above 875 ◦C determines a loss in mechanical strength

compared to the as-built condition. In particular, at 980 ◦C and 1038 ◦C, the reduction in

hardness is limited (10% and 15%, respectively), but this loss becomes more significant at

1100 ◦C (30 %). This reduction in mechanical strength upon high-temperature annealing

was investigated via optical microscopy, as shown in Figure 8. By increasing the annealing

temperature, the melt pool boundaries and the traces of the prior as-built microstructure

become less visible, and they disappear almost completely at 1100 ◦C. In addition, the

presence of recrystallized structures and annealing twins becomes more and more evident

up to full recrystallization at 1100 ◦C, where the microstructural morphology is more similar

to that of conventional forgings. This microstructural transformation and subsequent grain

coarsening are associated with the loss in mechanical strength upon high-temperature

annealing, as confirmed by the literature [19,46].

ffi 𝛿
ffi

ffi

𝛿

Figure 7. Hardness variation after high-temperature annealing from the as-built condition. It is due

to the recrystallization phenomena occurring during the heat treatment. The standard deviation

values range from 1 to 3 HV30.

According to the ASTM B446 standard [12], the corrosion resistance of the conventional

alloy 625 can be improved by adopting a stabilization heat treatment at 980 ◦C after the solution-

annealing treatment. For this reason and not to excessively reduce the mechanical strength

of the as-built material, the temperature of 980 ◦C was selected as a potential alternative

to the stress-relieving temperature of 875 ◦C. Moreover, according to the time–temperature–

precipitation diagram reported in Figure 1, the onset of δ phase formation at 980 ◦C is delayed

compared to that at 875 ◦C. The feasibility of this alternative temperature was assessed via

tensile and corrosion tests. The tensile properties are reported in Figure 9. The selection of the

alternative heat treatment at 980 ◦C for 0.5 h is associated with a slight reduction in tensile

strength (15 % for yield strength and 3 % for ultimate tensile strength) compared to the as-built

condition. However, the tensile properties remain well above the minimum prescriptions of the

ASTM B446 standard [12]. An important advantage of this new temperature is represented by

the moderate increase in tensile deformability. In fact, in this case, the percentage of elongation

after fracture A% satisfies the minimum standard requirement, while the stress-relieving

treatment at 875 ◦C was associated with insufficient A% values, as shown in Figure 9. In

addition, tensile deformability is also slightly improved compared to the as-built condition.
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Figure 8. Optical micrographs on the ZY plane at 200X (a,c,e,g) and 500X (b,d,f,h) of the selec-

tive laser melted material after annealing at different temperatures from the as-built condition:

(a,b) 875 ◦C 45 min; (c,d) 980 ◦C 0.5 h; (e,f) 1038 ◦C 0.5 h; (g,h) 1100 ◦C 0.5 h.
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Figure 9. Room-temperature tensile strength (a) and tensile deformability (b) after heat treatment

at 980 ◦C for 0.5 h compared to the as-built condition and to those obtained at the stress-relieving

temperature recommended by the standard (875 ◦C). The mechanical resistance is slightly less than

that of the as-built and 850 ◦C stress-relieved conditions, but the tensile deformability is improved

and superior to the minimum standard requirement. The standard deviation values for YS and UTS

range from 3 to 12 MPa and up to 1% for A% and Z%.

The susceptibility to intergranular corrosion was investigated following the ASTM

G28—Method A standard [38]. The results obtained on the selective laser-melted material

were compared with those obtained on the conventional forged alloy 625 published by

Panzeri et al. in previous research studies [43,44]. All the experimental results were

collected in the performance map reported in Figure 10 relating to the tensile and corrosion

properties. In Figure 10, the green shaded area corresponds to the acceptability region

with respect to the minimum standard requirements for the tensile properties [12]. Since

the minimum yield strength requirement is more critical compared to the ultimate tensile

strength one, the values associated with the latter property were not included in the

performance map. The data labels report the corrosion rate in mm/year according to

the ASTM G28—Method A standard. An acceptable limit for industrial applications of

this grade is 1.2 mm/year (green label: acceptable; red label: not acceptable). Corrosion

resistance and tensile deformability in the case of stress-relieving treatment at 875 ◦C

are significantly improved after modifying the standard recommended temperature with

a higher value, i.e., 980 ◦C, at the expense of a slight reduction in mechanical strength.

Regarding the single-aging treatment at 621 ◦C, the strengthening effect is obtained with a

detrimental reduction in corrosion resistance. Similarly, in conventional forged alloy 625,

the increase in mechanical strength by aging treatment reduces both tensile deformability

and corrosion resistance. In this case, full acceptability is obtained in a very narrow region,

as also demonstrated by our previous research studies [43,44]. For this reason, considering

the strict requirement for the corrosion resistance and rapid degradation of this property

upon aging, the exploitation of aging treatments is significantly limited, and it requires a

careful optimization of the aging time. Such limitation is even more critical in the selective

laser-melted material because of its faster precipitation response. In this case, an additional

obstacle to the adoption of aging treatments is represented by the rapid loss of the tensile

deformability below the minimum standard requirement.
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ff
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Figure 10. Performance map relating the tensile and corrosion properties of the conditions tested in

this work for the selective laser-melted material and in our previously published papers [43,44] for

conventional forged alloy 625. The green shaded area corresponds to the acceptability region with

respect to the minimum standard requirements for the tensile properties (ASTM B446 [12]). The data

labels report the corrosion rate in mm/year according to the ASTM G28—Method A standard [38]

(green label: acceptable; red label: not acceptable). The standard deviation values range from 2 to

14 MPa for YS and from 1 to 2% for A%.

The corroded profiles were investigated in selected conditions for having a relation-

ship with the corrosion rates and characterize the corrosion mechanism. The melt pool

boundaries of the laser tracks are preferentially corroded compared to the inner regions.

This behavior is confirmed by the literature data, which address such selective attack to the

enhanced precipitation of sensitizing Ni3Nb phases in these zones [33,36,47]. The corrosion

rates are in good agreement with the observed corroded profiles.

Figure 11 shows some sections of the specimens subjected to the corrosion tests cut

perpendicularly to the surfaces exposed to the corroding solution. Figure 11a,b represent the

as-built condition. Some residual porosity is visible, but no corrosion damage characterizes

the surface. The corresponding corrosion rate is in fact very low (0.5 mm/year). Pictures

c and d are instead related to specimens aged at 621 ◦C for 130 h. Unlike the as-built

condition, the surface clearly shows the effects of the corroding solution. The corrosion

attack follows the laser tracks’ borders preferentially, even if the damage includes the inner

zones as well. Accordingly, the corrosion rate (5.7 mm/year) was much higher than of the

as-built one. The effect of the standard stress-relieving temperature (850 ◦C) on corrosion

resistance is clearly detrimental, as shown in Figure 11e,f. Similarly to the aged condition,

the corrosion damage proceeds along the laser track direction and removes material both

from the border and the inner part of the track. Also, in this case, the corrosion rate is quite

high (5.7 mm/year). Finally, the new heat treatment at 980 ◦C resulted in a corrosion rate

(0.6 mm/year) very similar to the as-built one. The corrosion pits reported in Figure 11g,h

were in fact very small on all the corroded surface.
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Figure 11. Metallographic sections of the scan plane of selected corrosion specimens. (a,b) As-built:

0.5 mm/year; (c,d) 621 ◦C 130 h: 5.7 mm/year; (e,f) 875 ◦C 0.75 h: 5.7 mm/year; (g,h) 980 ◦C 0.5 h:

0.6 mm/year.

4. Conclusions

The selective laser-melted alloy 625 shows outstanding mechanical and corrosion

properties in the as-built condition. Compared to the conventional forged alloy, this differ-

ence is the most significant, and it can be ascribed to the improved microstructural fineness

of the selective laser-melted material. However, because of the high local thermal gradients

induced by the SLM process, residual stresses are present, and their mitigation by suitable
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stress-relieving treatment is normally required to avoid distortions and failures when the

component is removed from the build plate, especially in the presence of thin components.

The conventional forged alloy 625 is stress-relieved at a minimum temperature of 870 ◦C.

However, at this temperature, the selective laser-melted material is characterized by the

very rapid precipitation of the δ phase which detrimentally degrades the deformability and

corrosion resistance after short exposure times. Such different behavior depends on the

fact that the aging response of the selective laser-melted alloy is significantly accelerated

compared to that of the conventional material because of the higher micro-segregation level

and the presence of residual stresses. Lower stress-relieving temperatures are not suitable

for a satisfying mitigation of residual stresses. For this reason, in this research work, con-

sidering the TTP diagram of this alloy, higher stress-relieving temperatures were analyzed

by investigating the influence on the mechanical and corrosion properties. In particular,

the adoption of a higher temperature, i.e., 980 ◦C for 0.5 h, allows us to mitigate residual

stresses while maintaining acceptable corrosion resistance. This alternative temperature

also permits us to improve tensile deformability, which becomes even better than that in

the as-built condition. This is one of the most important findings of this work, since the

new stress-relieving treatment at 980 ◦C guarantees an optimal compromise among tensile

properties, deformability, and corrosion resistance. This result is particularly important

from a practical point of view, since it allows for the production of SLM parts with high

mechanical properties that are superior to the minimum standard requirements even if

slightly lower than those of the as-built condition and improved corrosion properties.

Even though the selective laser-melted material is characterized by excellent mechani-

cal properties, this work investigates the possibility of a further strength improvement by

single- and double-aging treatments starting from previous results obtained for the conven-

tional forged alloy. Regarding the single-aging treatments at 732 ◦C and 621 ◦C, compared

to the conventional material, a faster precipitation response is obtained in the early stages of

formation. On the other hand, the acceleration provided by the double-aging procedure is

much more significant in the conventional forged alloy. In fact, in the selective laser-melted

material subjected to double-aging treatments, the hardness increments are largely reduced,

and this behavior is even more evident when the duration of secondary aging is increased.

Therefore, in the selective laser-melted alloy, the beneficial effects of double aging are

appreciably lower than those in the conventional alloy. Furthermore, considering that the

tensile deformability is already close to the minimum standard prescription in the as-built

condition, the adoption of aging treatments encounters some limitations because of de-

formability loss which is typically associated with the strengthening effect of intermetallic

precipitates. In fact, for the tested aging conditions, the values of the percentage of elonga-

tion after fracture A% are lower than the minimum standard requirement. In addition, as

already observed in the conventional forged alloy 625, the reduction in corrosion resistance

upon aging treatments is another critical aspect which is even more significant compared

to the conventional material because of the faster precipitation response observed in the

additively manufactured grade.
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