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Abstract: Nickel-chromium-molybdenum Alloy 625 exhibits an excellent combination of mechanical
properties and corrosion resistance. However, the high-temperature plastic deformation process and
the heat treatment represent critical aspects for the loss in mechanical strength by grain coarsening.
This detrimental behavior is worsened by the absence of phase transformation temperatures. How-
ever, the chemical composition permits slow precipitation-hardening response upon single aging.
Therefore, when the soft- or solution-annealed condition is associated with insufficient mechanical
properties, this potentiality can be exploited to improve the mechanical strength. Since the " precip-
itation can be accelerated by double-aging treatment, different time—temperature combinations of
double aging at 732 °C and 621 °C are investigated. The simultaneous precipitation of intergranular
carbides can dramatically affect the corrosion resistance. Such an undesired phenomenon occurs very
quickly at 732 °C, but it is obtained only after very long exposure times at 621 °C. For this reason, a
performance chart is developed to compare all the tested conditions. In particular, single aging at
621 °C for 72 h and 130 h are associated with an acceptable combination of mechanical and corrosion
properties. Double aging permits a conspicuous acceleration of the aging response. For instance, with
double aging at 732 °C 3 h and 621 °C 72 h, it is possible to obtain the same mechanical properties
of single aging at 621 °C for 260 h. Such acceleration is accompanied by a more critical corrosion
behavior, especially because of the primary step. However, even after its optimization, none of the
tested conditions were acceptable.

Keywords: Alloy 625; aging treatment; mechanical strength; corrosion resistance

1. Introduction

Nickel-chromium-molybdenum-niobium Alloy 625, patented in 1964 by H. L. Eisel-
stein and J. Gadbut, provides excellent mechanical and corrosion properties thanks to the
presence of high amounts of chromium, molybdenum, and niobium [1,2]. The excellent
potentialities of this material are mainly exploited for applications in the oil and gas and
automotive fields [3]. This alloy grade was selected for this research work because of
its popularity and extensive adoption in the offshore oil and gas field to produce forged
components, such as pipes, valves, hubs, flanges, disks, and spheres. Considering the
difficulties in maintaining a fine grain size during processing [4] and heat treatment [5], this
paper provides useful information about the possibility of recovering insufficient mechan-
ical properties via tailored aging treatments when excessive grain coarsening is present.
The ASTM B446 standard [6] reports two possible heat-treating conditions for this material:
soft annealing and solution annealing. No aging treatments are currently prescribed by
the ASTM B446 standard [6]. For applications below 600 °C where a good combination
of tensile strength and corrosion resistance is required, soft annealing is recommended,
and it requires a minimum temperature of 871 °C [6]. The solution-annealing treatment is
suggested for high creep strength, and it is performed at a minimum of 1093 °C for applica-
tions above 600 °C [6]. In the soft-annealed condition, this alloy shows a fully austenitic
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microstructure with a heterogeneous distribution of primary carbides and nitrides which
are induced by the solidification process [2,7]. These compounds are mainly enriched in
niobium and titanium, which are depleted from the surrounding regions. The process-
and service-induced thermal exposure above 600 °C can activate complex precipitation
phenomena that can significantly alter both the mechanical properties and the corrosion
resistance [2,8]. However, the formation of hardening phases can be exploited to recover
insufficient mechanical properties in the solution- or soft-annealed condition [6]. The
time—temperature-precipitation (TTP) diagram of this alloy is shown in Figure 1 [2]. The
precipitate phases reported in the literature for this alloy are MC, M¢C, and M»3Cy metal
carbides and intermetallic phases, normally ", J, and Laves [2,9,10]. The precipitation
of intergranular carbides and intermetallic phases induces sensitization and reduction in
toughness and deformability. The susceptibility to intergranular corrosion is increased
by the formation of intergranular carbides rich in chromium and molybdenum. In fact,
these alloying elements are depleted from the surrounding regions, preventing the auto-
passivation mechanism [2,8,11,12]. Moreover, intergranular cracking is favored by the
formation of intergranular films of carbides resulting in a reduction in toughness [13]. In
this material, the presence of insufficient mechanical properties is a common issue, and
it is related to the difficulty in retaining a fine-grained structure during processing and
heat treatment. In fact, regarding the high-temperature plastic deformation process, the
optimal region of temperatures and strain rates is very restricted. For this reason, the
plastic deformation procedure should be carefully designed, but very often, depending
on the available equipment and the component geometry, the recrystallization process is
not optimal. Moreover, grain refinement via heat treatment cannot be obtained because
of the absence of phase-transformation temperatures. Furthermore, these detrimental
characteristics are worsened by the fact that both the soft- and the solution-annealing
treatments are inevitably associated with grain coarsening, which degrades the overall
mechanical performance [5]. Therefore, because the mechanical properties are directly
related to the grain size [5], the heat treatment parameters should be tuned as to provide
the best compromise between the solubilization level, which affects the corrosion resistance,
and the grain size, which determines the mechanical strength. The possibility to recover
the strength loss induced by excessive grain coarsening by aging treatment is very useful,
but this requires a careful optimization to find the best balance between the mechanical and
corrosion properties and the heat treatment time, which directly affects costs and energy
consumption. The ordered intermetallic ¢ NizNb hardening phase is obtained upon aging
from 600 °C to 800 °C [2,9,14]. In the literature, Moore et al. and Suave et al. [8,15,16]
investigated the single-aging response in temperature range from 600 °C to 800 °C and from
550 °C to 900 °C, respectively. However, the hardening effect was significant only after very
long exposure times, which are typically not compatible for industrial applications. This
strength improvement is generally obtained at the expense of deformability and corrosion
resistance, which is worsened by the precipitation of Cr-rich carbides.

Starting from the first experimental results on this topic published in our previous work
(Rivolta et al. [17]), this research paper is aimed at investigating additional non-standard
single- and double-aging conditions to improve the accuracy and the completeness of
the analysis of the precipitation-hardening response given in [17], especially with longer
aging times. The development of this additional work also rises from the necessity to
find other acceptable conditions with more satisfying mechanical properties. Moreover,
in the literature, few data are available about double aging and the influence of the aging
treatment on the corrosion properties. For instance, Eiselstein and Tillack [1] provided a
preliminary investigation about the adoption of a nucleation treatment to accelerate the
age-hardening response at 650 °C. In this work, significant findings compared to [17] are
reported. In fact, based on the results published in [17], only one condition was acceptable,
but its mechanical strength was too close to the minimum standard requirement. In the
current paper, a new condition in the acceptability region of the performance chart (621 °C
130 h) was found with more satisfying mechanical strength in comparison to the 621 °C 72 h
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condition identified in [17]. Furthermore, compared to our previous work [17], significant
acceleration of the age-hardening response at 621 °C after 72 h was identified. Moreover,
the new tensile tests reported in this paper permit us to improve the accuracy of the
relationships between the hardness and the tensile properties given in [17]. Regarding the
corrosion tests, this work provides additional results about the variation in the corrosion
rate increasing the aging time at 621 °C. Moreover, in our previous work [17], the influence
of the primary aging time in the case of double aging was not investigated. In this paper,
with fixed secondary aging time, different primary aging times are tested to check if
proper limitations of this exposure are sufficient to improve the corrosion resistance. The
strength improvement allowed by single- and double-aging treatments can be exploited
to reduce the consumption of resources and the carbon footprint thanks to the thickness
and mass reduction. Moreover, the reduction in the component weight enables lower fuel
consumption and operative costs.
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Figure 1. Experimental TTP diagram of the alloy investigated in this work. Adapted from Refs. [2,17].

As previously described, retaining a fine grain size during processing and heat treat-
ment is a critical aspect for this alloy. Therefore, when the mechanical properties in the
as-solubilized condition are not sufficient compared to the standard prescriptions because
of excessive grain coarsening, the possibility of exploiting the aging treatment to obtain a
strength improvement can be beneficial to recover a component. However, considering
that the corrosion resistance is typically reduced upon aging because of sensitization, this
work aimed at identifying the feasibility region (if any) where both the mechanical and
the corrosion properties are acceptable. In this work, the aging treatment was studied
with hardness, tensile, and corrosion tests for both single and double aging with different
time-temperature combinations. Its investigation was developed starting from the double
aging recommended for alloy CarTech® Custom Age 625 PLUS® [18,19]. In this case, com-
pared to the conventional Alloy 625, a higher titanium content is present to promote the
formation of 7 NizNb precipitates [9,18,19]. Regarding this variant, the best combination
of age-hardening response and corrosion resistance is obtained with double aging at 732 °C
for 8 h and 621 °C for 8 h after soft-annealing treatment at 1038 °C [18,19]. The resistance to
intergranular corrosion was analyzed in selected aging conditions according to the ASTM
G28-A standard [20]. The corrosion rate limit was considered equal to 1.20 mm/year. The
experimental results were finally reported in a performance map to provide a graphical
and more effective overview of the relationship between the mechanical properties and the
corrosion resistance after aging.
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2. Materials and Methods

The material investigated in this work is a forged and untreated Alloy 625 rod with
diameter of 60 mm. The soft-annealing and the single- and double-aging treatments were
carried out in a laboratory furnace operating in atmospheric air. The tensile specimens
were machined in the longitudinal direction. Regarding the metallographic and hardness
samples, after grinding and polishing, etching was carried out in five parts HCI diluted
in one part 30% HO, for 10 s [18,21,22]. The reagents were produced by CARLO ERBA
Reagents s.r.l., Cornaredo, Mi, Italy. The microstructural analyses were performed using a
Leica (model DMR, sourced from Leica Microsystems S.r.l., Buccinasco, Italy) light optical
microscope and a Zeiss (model SIGMA 500, sourced from Carl Zeiss S.p.A., Milano, Italy)
scanning electron microscope. The HV30 Vickers hardness tests were conducted using
a Wolpert Testor 930 hardness tester (sourced from Wolpert, Ludwigshafen am Rhein,
Germany) in accordance with the EN ISO 6507 standard [23]. In each tested condition, at
least five hardness measurements were carried out. The tensile tests were performed using
cylindrical proportional specimens with diameter of 8 mm and gauge length of 40 mm. The
tensile tests were carried out with an INSTRON model 4507 machine (sourced from Instron,
Pianezza, TO, Italy) according to the EN ISO 6892 standard [24]. The intergranular corrosion
tests were performed in a solution of ferric sulfate, Fep(SO4)3, and sulphuric acid, HySOy,
for 120 h, in accordance with the ASTM G28—Method A standard [20]. The reagents were
produced by CARLO ERBA Reagents s.r.1., Cornaredo, Mi, Italy. After cutting with silicon
carbide cut-off wheels, the corrosion specimens were fully descaled and polished using wet
80-grit and 120-grit abrasive papers and then degreased and dried. After testing, selected
corrosion specimens were cut and mounted in a thermosetting phenolic resin and mirror
polished to observe the corroded profile and characterize the corrosion mechanism.

The mechanical strength requirements considered for the evaluation of acceptability
were taken from the ASTM B446 standard [6]. For the corrosion resistance, a maximum
corrosion rate of 1.20 mm/year was considered. SEM and chemical EDXS analyses were
carried out to better investigate the relationship between the microstructural constituents
and the corrosion properties. The qualitative EDXS chemical analyses were performed
using the OXFORD Altee Energy—Advanced detector (sourced from Oxford Instruments,
Wiesbaden, Germany). The bulk chemical composition was investigated by OES spec-
troscopy. The results are reported in Table 1. Based on the requirements of the ASTM B446
standard [6], the chemical composition is acceptable.

Table 1. Chemical composition by OES spectroscopy of material investigated in this paper.

Ni

Cr

Mo Nb Fe Mn Ti Al C Si P S

wt. %

62.3

20.4

8.50 3.59 441 0.09 0.30 0.20 0.04 0.17 <0.01 <0.01

Before the aging treatment, all the samples and specimens were soft annealed at
1038 °C for 0.5 h and water-quenched. The hardening response upon isothermal single-
aging treatments was investigated at 732 °C and 621 °C. After this preliminary analysis,
double-aging treatments were carried out changing the exposure times at both the primary
aging temperature (732 °C) and the secondary aging one (621 °C). Hardness tests were
performed in each aging condition investigated in this work. Successively, based on
the hardness results, tensile and corrosion tests were carried out in a selection of aging
conditions. SEM and EDXS analyses were performed to investigate the relationship between
the microstructural constituents and the corrosion properties.

3. Results and Discussion
3.1. Soft-Annealed Condition

The as-forged material was soft-annealed at 1038 °C for 0.5 h in accordance with the
ASTM B446-19 standard [6]. As reported in Figure 2, the austenitic microstructure showed
the presence of equiaxed and twinned grains with a heterogeneous distribution of Nb-rich
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carbides (grey color) and Ti-rich nitrides (orange color) dispersed in the matrix at both
intergranular and intragranular positions. The average grain size measured according to
the ASTM E112 standard was equal to 65 pm [25].

Nb-rich carbide

(b)

Figure 2. LOM micrographs of the soft-annealed condition at different magnifications. (a) Presence of

equiaxed and twinned austenite grains. (b) Presence of heterogeneously distributed Nb-rich carbides
(grey color) and Ti-rich nitrides (orange color).

Then, the soft-annealed material was characterized by room-temperature tensile and
hardness tests. The mechanical properties are reported in Table 2. The mechanical strength
in the soft-annealed condition (350 MPa) is lower than the yield strength requirement
required by the ASTM B446 standard (414 MPa) [6]. The insufficient mechanical properties
are determined by grain coarsening during processing and heat treatment. As reported by
Rivolta et al. [5], the larger the grain size, the lower the mechanical strength because of a
reduction in the density of obstacles to the dislocation movements. In particular, the yield
strength and the grain size measured in the soft-annealed condition are compatible with
the relationship between these two properties reported in the literature for this alloy [5].

Table 2. Mechanical properties of the soft-annealed material determined by hardness and tensile tests
at room temperature.

Yield Strength Ultimate Tensile o o
Hardness [MPa] Strength [MPal A% Z%

This work 194 HV30 350 829 61.0 70
ASTM B446 [6] - >414 >827 >30.0 -

In the soft-annealed condition, the corrosion rate was equal to 0.65 mm/year, con-
firming the suitability of this heat treatment (1038 °C 0.5 h). The presence of Nb-rich
MC carbides in the soft-annealed condition does not worsen the intergranular corrosion
resistance, but it helps to improve it by stabilizing carbon.

3.2. Single-Aging Treatments

After soft annealing (1038 °C 0.5 h), the age-hardening effect was investigated with
isothermal single-aging treatments at both 732 °C and 621 °C for up to 600 h starting from
the results of a reduced set of conditions studied in our previous work [17]. The overall
set of hardness data at both aging temperatures is reported in Figure 3 [17]. As shown in
Figure 3, upon single aging at 621 °C, a steep hardness increase is obtained starting from
72 h. Until such exposure time, the hardness increment with respect to the soft-annealed
condition is less than 10%. At 732 °C, the precipitation hardening effect is slightly higher
compared to that at 621 °C, at least until the exposure times tested in this work. At 621 °C, a
satisfying hardening effect is obtained only after very long exposure times and this behavior
can limit its exploitation for most industrial applications. Such very slow age-hardening
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kinetics is also confirmed by the literature data of Moore et al. and Suave et al. about single
aging from 550 °C to 900 °C [8,15,16]. The hardness values of our work are compatible with
the literature [15]. The age-hardening phenomenon in this temperature range is determined
by precipitation of the 4" phase, as shown in the TTP curves of Figure 1. According to the
TTP curves, at these aging temperatures, the formation of intergranular M3 C¢ carbides can
occur together with the intermetallic hardening " precipitates. However, compared to the
7" phase, the hardening effect of the M,3C¢ carbides is negligible [10]. The simultaneous
formation of Cr-rich M»3C¢ carbides was deeply investigated by EDXS analyses performed
by scanning electron microscopy. The IDs of the tested positions are reported in Figure 4
and the results of the EDXS analyses are given in Table 3 and Figure 5. At 732 °C, as shown
in Table 3 and Figure 4, intergranular M3C¢ carbides were not present until 1 h and the
onset of their formation was detected in the 3 h sample. This observation is compatible
with the literature data based on TEM examinations, as reported in the TTP diagram of
Figure 1 [2]. According to the EDXS analyses reported in Table 3, the intergranular M»3Cg
carbides observed in the samples aged at 732 °C were mainly enriched in chromium, and
this is also confirmed by the literature [2,9,10]. The formation of such carbides is expected
to be significantly detrimental to the corrosion resistance.

©-732°C -6-621°C
310

290
270
250

230

Hardness HV30

210 Soft-annealed: 194 HV

'

0.1 1 10 100 1000
Aging time [h]

190

Figure 3. Hardness curves of the soft-annealed Alloy 625 after single-aging treatments.

Figure 4. Cont.
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(©) _ (d)

(e)

Figure 4. SEM micrographs of the samples aged at 732 °C for different times: (a) 732 °C 1 h; (b) 732 °C
3h;(c)732°C8h; (d) 732°C 24 h; (e) 732 °C 48 h.

Table 3. EDXS analyses in wt. % at the positions reported in Figure 4.

ID Ni Cr Mo Nb Fe Ti Al Si
OES analysis - 62.3 204 8.50 3.59 441 0.30 0.20 0.17
Figure 4b A 59.9 25.0 7.47 242 4.49 0.29 0.29 0.14
Figure 4c B 54.9 28.2 8.60 3.40 420 0.30 0.20 0.20
Figure 4d C 52.8 29.5 9.77 2.96 4.13 0.29 0.22 0.25
Figure 4e D 52.1 30.3 8.75 422 3.89 0.37 0.17 0.20

ID:A-732°C3h ID:B-732°C8h

Figure 5. Cont.
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ID:C-732°C24h
Wt% o
528

(d)
Figure 5. Spectra of the EDXS analyses reported in Table 3. (a) ID: A; (b) ID: B; (c) ID: C; (d) ID: D.

At 621 °C, the precipitation of the hardening 7" phase is faster than that of the
intergranular Cr-rich carbides. In fact, according to the TTP diagram of Figure 1, at this
temperature, the formation of M»3Cg carbides requires longer exposure times compared to
732 °C. This difference was confirmed by the SEM and EDXS analyses performed on the
samples aged at 621 °C. The results are reported in Figure 6, Table 4, and Figure 7. In this
work, Cr-rich M»3Cg carbides were observed at the grain boundaries of the sample aged at
621 °C for 260 h, and they were not detected on shorter exposure times. So, upon aging at
621 °C, it is possible to exploit the precipitation of the hardening intermetallic 7" phase
before worsening the corrosion resistance.

Figure 6. SEM micrographs of the samples aged at 621 °C for different times: (a) 621 °C 165 h;
(b) 621 °C 260 h.

ID: E-621°C260 h
Ni

Figure 7. Spectrum of the EDXS analysis reported in Table 4 (ID: E).
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Table 4. EDXS analysis in wt. % at the position reported in Figure 6.
ID Ni Cr Mo Nb Fe Ti Al Si
OES analysis - 62.3 20.4 8.50 3.59 4.41 0.30 0.20 0.17
Figure 6b E 61.1 23.7 7.00 3.00 4.30 0.35 0.35 0.20

3.3. Double-Aging Treatments

After the investigation of the single-aging response, the possibility of accelerating
the precipitation kinetics by double-aging treatments was studied considering different
time-temperature conditions with primary aging at 732 °C (up to 48 h) and secondary aging
at 621 °C (up to 592 h). The results are reported in Figure 8. According to the experimental
observations, the double-aging treatments significantly accelerate the " precipitation. In
fact, fixing the duration of the secondary aging, the precipitation kinetic is accelerated,
increasing the prior exposure time at 732 °C. In this case, short primary aging times are
sufficient to obtain the peak hardness. The adoption of longer primary aging time is not
associated with a further improvement in the mechanical strength. In fact, when the peak
hardness is reached, the hardness curve remains almost flat. Considering the TTP diagram
reported in Figure 1, the major drawback of such a double-aging procedure is represented by
the primary aging temperature. In fact, even though the primary aging enables significant
acceleration of the " formation, such an aging temperature is also associated with a faster
precipitation of intergranular carbides, which are extremely detrimental to the corrosion
resistance. For this reason, it is required to limit as much as possible the primary aging
exposure time. Regarding the double aging, Eiselstein and Tillack [1] found an increase
in hardness from 170 HV to 210 HV adopting a primary treatment at 760 °C for 1 h prior
to aging at 621 °C for 72 h. In our research work, the hardness increases from 195 HV
to 280 HV with double aging at 732 °C for 1 h and 621 °C for 72 h. As described in the
Introduction, this double-aging procedure was investigated starting from that of the alloy
CarTech® Custom Age 625 PLUS® [18,19], for which the suggested double-aging treatment
resulted in a hardness increase from 188 HV to 353 HV. Regarding our research work, the
same heat treatment was associated with a poorer hardening response (from 194 HV to
220 HV) because of the lower titanium content.

-6—-621°C0h
-©-621°C8h

-©-621°C24 h

-©-621°C48 h

-©—-621°C72 h

-6—-621°C332h

-©-621°C592 h

Hardness HV30

0 5 10 15 20 25 30 35 40 45 50 55 60

Time at 732°C[h]

Figure 8. Double-aging Vickers hardness curves of the forged and soft-annealed Alloy 625 with
different combinations of double-aging times at 732 °C and 621 °C.
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Successively, in selected double-aging conditions, room-temperature tensile tests were
performed. As shown in Figures 9 and 10, the tensile properties show a trend similar
to that observed for the hardness curves reported in Figure 8. In fact, after a certain
exposure time, the increase in the primary aging time with fixed secondary aging does
not provide any further improvement for both the yield strength and the ultimate tensile
strength. The hardening effect obtained by double aging is obtained at the expense of
tensile deformability. In fact, a reduction in both A% and Z% was observed. However,
the A% values remained well above the minimum standard requirement (30%) [6]. In
all the tested double-aging conditions, except 732 °C 3 h plus 621 °C 8 h, both the yield
strength and the ultimate tensile strength were compatible with the minimum standard
requirements [6]. Therefore, when insufficient tensile properties characterize the soft- or
solution-annealed condition, this aging procedure can be exploited to obtain satisfying
strength improvements with reasonable heat treatment times compared to single aging.
In fact, as previously described, compared to single-aging treatments, the double aging
allows to significantly accelerate the hardening kinetic. As reported in Table 5, with double
aging at 732 °C 3 h and 621 °C 72 h, it is possible to obtain the same mechanical properties
of single aging at 621 °C for 260 h with a conspicuous acceleration of the aging response
and consequent reduction in the heat treatment time and cost.

850 —A—621°C8h 1200 —4—621°C8h
—A—621°C24h —A—621°C24h
800 = 1150
750 —4—621°C72h I —4—621°C72h
— O Soft-annealed = 1100 Q Soft-annealed
© 700 . - . e
-9 = = Minimum ASTM B446 L 0 | Minimum ASTM B446
£60 = A & 1050 A —A
= 600 . - ] a—
B &— °© — £ 1000 R A
2 500 2 950
= 2
o 450 N —A 8 900
¥ 400 = o — e ettt Sl s Bl Sl i bttt Rt et = ° A__ﬂ_//A
350 O 8 850 o ool Lo d--1 O N B
300 £ 800
0 5 10 15 20 25 30 35 40 45 50 = 0 5 10 15 20 25 30 35 40 45 50
Aging time [h] at 732°C Aging time [h] at 732°C
(a) (b)
85 —A—621°C8h 85
80 —4—621°C24 h 80
75 —A—621°C72h 75
70 < lswqft:anneapl\:?rm B446 0
65 Inimum 65
£ 55 A —= < 55 —4
< 50 A R N 50
45 | = = —A 45 —4-621°C8h
T
40 40 —4—621°C24 h
35 35 -4-621°C72h
L e 30 O Soft-annealed
25 25
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

Aging time [h] at 732°C

Aging time [h] at 732°C
(c) (d)

Figure 9. Room-temperature tensile properties in different double-aging conditions: (a) Rp0.2;
(b) UTS; (c) A%; (d) Z%.

The possibility of estimating the tensile properties from the results of hardness tests rep-
resents a fast and useful tool in the analysis and comparison of different time-temperature
aging conditions. The relationship between the hardness and the tensile strength was
investigated by regression analysis of a dataset obtained combining the results reported
in this work with those previously published in the literature [5,17]. The linear regression
analysis of this larger set of experimental data is reported in Figure 11, together with the
determination coefficient R, which was adopted to assess the goodness of fit. Considering
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Yield Strength [MPa]

the results of this analysis and the requirements of the ASTM B446 standard [6], 192 HV and
202 HV represent the minimum hardness values for acceptable ultimate tensile strength
and yield strength, respectively.

1100
1000
900
800
700 b 7 7
7
= 600
% y 732 °C3h +621 °C 8h
= 500 — ——-732°C 16h + 621 °C 8h
o : S 732 °C 48h + 621 °C 8h
400 732 °C3h +621 °C 24h
200 — ——-732 °C 16h + 621 °C 24h
SR 732 °C 48h + 621 °C 24h
soo | 732 °C3h +621°C72h
— ——-732 °C 16h + 621 °C 72h
sl SR 732 °C 48h + 621 °C 72h
As-solubilized: 1038 °C 0.5h
0 . s : : ' '
0 10 20 30 40 50 60

%]
Figure 10. Stress—strain tensile curves of the aging conditions tested in this work.

Table 5. Comparison of the tensile properties upon single- and double-aging treatments with respect
to the soft-annealed condition.

Hardness Yield Strength  Ultimate Tensile

.y o o
Condition HV30 [MPal Strength [MPa] A% Z%
Soft-annealed (SA) 194 350 829 61.0 70
SA +621°C260h 279 604 1039 46.0 62
SA+732°C3h+621°C72h 280 616 1023 47.0 57
700 1200
Q
600 _ go 1100
< g -
7 Z 1000 -
500 L 3 _-r -
YaMP - 909)?9@ ° § . 827 MPa %ﬁe ]
400 - e it o © L
O~ /o ! YS = 2.57 HV — 104 £ 800 9&9 S LLE: —R22.. iOOH:; 386
§o ! R% = 0,96 b “o i o
300 2 £ 700 2
£ E 8
200 r 600 v
150 170 190 210 230 250 270 290 310 150 170 190 210 230 250 270 290 310
Hardness HV30 Hardness HV30
(a) (b)

Figure 11. Relationship between the hardness and the tensile properties. (a) Relation between the
hardness and the yield strength; (b) Relation between the hardness and the ultimate tensile strength.
Dataset obtained with the results of this research work and those previously published in the literature.
Adapted from Refs. [5,17].

3.4. Intergranular Corrosion Resistance

The intergranular corrosion resistance was analyzed in a selection of the conditions
investigated in this work [20]. The variation in the corrosion rate as function of the aging
time is depicted in Figure 12 for both single and double aging. The single-aging treatment
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at 732 °C shows a rapid increment in the corrosion rate starting from 3 h and, until this
exposure time, the hardening effect is very poor. This experimental result is confirmed by
the SEM and EDXS analyses reported in Figure 4 and Table 3. In fact, single aging at 732 °C
for 3 h represents the onset of intergranular Cr-rich carbide formation, which is known to be
extremely detrimental to the corrosion resistance, as confirmed by the literature [10,26-29].
The rapid increase in the corrosion rate at longer exposure times is associated with a more
copious formation of such carbides at the grain boundaries [26,28,30]. At 732 °C, such an
undesired precipitation phenomenon occurs very quickly and the reduction in corrosion
resistance becomes critical much earlier than the onset of 7" precipitation, which represents
the primary hardening phase. In fact, as confirmed by the experimental results and the
literature [10,26,28], the hardening effect of the intergranular carbides is very poor and
the effect of sensitization is predominant. At 621 °C, the precipitation of intergranular
M,3Cq carbides is obtained only after very long exposure times. This peculiarity allows
us to exploit the hardening effect of the " precipitates without worsening the corrosion
resistance. Based on the experimental results reported in Figure 12, at 621 °C, the rapid
increment in the corrosion rate is no longer obtained from 3 h as it occurs at 732 °C,
but only after 130 h. Therefore, in this case, it is possible to exploit the hardening effect
reported by the hardness curves in Figure 3 before worsening the intergranular corrosion
resistance. This experimental result is confirmed by the SEM and EDXS analyses reported
in Figure 6 and Table 4. Regarding the double aging, the corrosion tests were performed
in selected conditions to evaluate the effect of an increasing primary exposure time at
732 °C with fixed secondary aging time. As shown in Figure 12, increasing the time at
732 °C, the corrosion resistance is quickly reduced because of a very rapid and copious
precipitation of intergranular carbides. As shown by the results of the corrosion tests, the
thermal exposure at 732 °C is surely the most critical and it should be restricted as much as
possible to maintain the corrosion resistance within acceptable limits but provide sufficient
acceleration of the precipitation response. Therefore, in the presence of double aging, the
limitation of the primary aging time is extremely important also considering that above a
certain duration there is no further strength improvement.

30

0732°C N
Double aging
25 os21°C

0732°C+621°C72h Single aging

Corrosion limit
1.20 mm/year

=
o

Corrosion rate [mm/year]
=
wv

O‘I\ 1.0 10.0 100.0 1000.0
Soft-annealed

condition Aging time [h]

Figure 12. Corrosion rates obtained by intergranular corrosion tests (ASTM G28-A standard [20]) on
different single- and double-aging conditions. Regarding the double-aging curve (732 °C + 621 °C
72 h), the aging time on the horizontal axis represents the primary aging time at 732 °C.

The corroded profiles were investigated in selected conditions to relate them with
the calculated corrosion rates and characterize the corrosion mechanism. The optical
micrographs shown in Figure 13 evidenced the presence of a selective corrosion of the grain
boundaries. The intergranular sensitization upon both single- and double-aging treatment
results from the precipitation at the grain boundaries of Cr-rich carbides, which deplete
the surrounding regions of chromium, locally preventing the auto-passivation mechanism.
Compared to single aging at 621 °C for 130 h (0.97 mm/year), the double aging with
primary exposure at 732 °C for 16 h is responsible for a more copious precipitation of
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Cr-rich carbides and consequently a more severe intergranular attack (26.4 mm/year), even
associated with grains dropping. The calculated corrosion rates are in good agreement
with the observed penetration depths.

; 3 ‘:f“f ‘ 200 ym e w0 D 100 pm
(c) (d)
Figure 13. Morphologies of the corroded profiles at different magnifications upon single- and double-

aging treatments: (a,b) 621 °C 130 h (0.97 mm/year); (c,d) 732 °C 16 h + 621 °C 72 h (26.4 mm/year).
The red squares in (a) and (c) identify the regions highlighted at higher magnification in (b) and (d).

Considering the corrosion rate limit (1.20 mm/year) and the minimum requirement
for the mechanical strength (202 HV), a performance map was built with the experimental
conditions tested by hardness and corrosion tests in this work and in our previous pa-
per [17], as shown in Figure 14. The hardness limit of 202 HV was calculated considering
the minimum standard requirement for the mechanical strength [6] and the relationship
between the hardness and the yield strength reported in Figure 11a. In the soft-annealed
condition, only the corrosion resistance is acceptable. Single aging at 621 °C for 130 h
provides good corrosion resistance and excellent mechanical strength. Longer aging times
at 621 °C allow further strength improvement at the expense of a dramatic loss in the
corrosion resistance. Regarding the double aging, even reducing the primary aging time
down to 1 h, the corrosion rates remain above the threshold limit. In this case, a reduction
in both the primary and secondary aging times is still not sufficient to obtain acceptable
corrosion resistance. Moreover, further limitation of the primary aging exposure time
would not be feasible in the presence of large components.
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Figure 14. Experimental conditions of single and double aging tested in this work and in our
previous paper. Adapted from Ref. [17]. The conditions positioned in the upper left quadrant with
orange shading are acceptable based on the requirements for both the mechanical strength and the
corrosion resistance.

4. Conclusions

Single- and double-aging treatments can be adopted to improve the mechanical strength
of Alloy 625, especially when the soft-annealed condition is associated with insufficient
mechanical properties. For instance, this possibility can be exploited to recover components
characterized by excessive grain coarsening. The results obtained in this research work are
summarized here:

(1) During aging treatments, the simultaneous formation of the hardening " phase and
intergranular Cr-rich carbides can detrimentally affect the corrosion resistance. Such
undesired phenomenon occurs very quickly at 732 °C, but it is obtained only after
very long exposure times at 621 °C. Therefore, this behavior allows us to better exploit
the formation of the hardening 7" phase at 621 °C before activating the precipitation
of intergranular carbides.

(2) Single aging at 621 °C for 72 h and 130 h are associated with an acceptable combination
of mechanical and corrosion properties. The corrosion resistance is instead not accept-
able in the 260 h condition, where the mechanical properties are further improved.

(38) With double aging at 732 °C 3 h and 621 °C 72 h, it is possible to obtain the same me-
chanical properties of single aging at 621 °C for 260 h with a conspicuous acceleration
of the aging response and consequent reduction in the heat treatment time and cost.

(4) The corrosion resistance remains a critical aspect in the case of double aging, especially
because of the primary step. In this case, even after optimization of the primary aging
time, none of the tested conditions was compatible with the imposed requirements. In
addition, very short aging times cannot be feasible in the presence of large components.
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