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Abstract 

Alloy 625 exhibits a complex precipitation behavior at elevated temperatures 

due to the high alloying constituents of molybdenum and niobium. Further- 

more, the precipitation behavior will depend upon the carbon content and the 

final annealing temperature. Stability studies have been conducted on plate 

material of alloy 625. The time-temperature-strength and ductility behavior 
has been examined in the temperature range of 600 - 1000°C as a function of 

the final annealing temperature and the carbon content. A severe loss of 

notch impact strength at room temperature after exposure in the temperature 

range of 600 - 800°C has been determined. This loss of ductility can be 

correlated above all to gamma double prime and carbide precipitation. The 

loss of ductility can be mitigated considerably by controlling the carbon 

content together with the final annealing treatment. 

Introduction 

Alloy 625 is a high temperature resistant nickel base alloy which shows an 

excellent resistance also to many wet corrosive environments. According to 

its use it is supplied either in the soft-annealed condition or in the solu- 

tion annealed condition. Due to its high contents of molybdenum, chromium 

and niobium, alloy 625 stands out for its canplex precipitation behavior. 
In addition, this alloy is usually melted with relatively high carbon con- 

tents. As a result, dependent on the heat treatment carbides of type M6C 

and M23C6 can be found besides carbonitrides. It is, therefore, to be ex- 

pected that the characteristics of alloy 625 will be influenced by this 

precipitates &ring exposure to high temperatures. 
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It was already mentioned by F. A. Comprelli and co-workers (l-3) that alloy 

625 can be aged at elevated temperatures. They found a remarkable increase 

in hardness, yield strength and tensile strength as well as a significant 

decrease of elongation after aging at 700°C. 
F. A. Comprelli and co-workers assumed that this was due to the precipita- 

tion of a coherent Ni3fNb, Al,Ti)-phase. Research work of H. Bohm and 

co-workers (4) has then shorvn that the increase in hardness at temperatures 

> 75U"C is caused by the precipitation of a stable incoherent orthorhombic = 
Ni3(Nb,Mo)-phase. At 675°C they observed the metastable (coherent tetrago- 

nal Ni3fNb,X) phase which, however, can be transformed into the orthorhombic 
phase Ni3fNb, MO) after long time exposure. The precipitation behavior of 
alloy 625 has been summarized for the first time by E. Schnabel and co-wor- 
kers (5) in a comprehensive time-temperature-transformation diagram (Fig.1). 

For the solution annealed alloy 625 J. R. Crclm and co-workers (6) have 

recently published a revised time-temperature-transformation diagram fFig.2). 

Both diagrams differ mainly in the sequence of precipitation of the carbides 

of type Mz3C6 and M6C. Due to the very canplex precipitation behavior a 
ductility minimLBn can be expected in the temperature range from 600°C to 
800°C. 1100 
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Fig. 1: Time-temperature-transformation diaoram 
for alloy 625 (Ref. 5) 
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00 

Fig. 2: Time- temperature-transformation diagram 
for solution treated alloy 625 (Ref. 6) 
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The influence of high temperature exposure of alloy 625 on the mechanical 

properties and particularly on the ductility behavior has been published 

by 0. F. Kimball and co-workers ( 7). They have show that the Charpy impact 

strength after exposure at a temperature between 540 and 760°C will decrease 
significantly and that the fracture characteristics change from ductile and 

transgranular to brittle and intergranular. 

According to 0. F. Kimball and co-workers the loss of ductility is caused by 

the precipitation hardening and the formation of continuous brittle grain 

boundary precipitates. 

This study concentrates on the influence of the niobium and carbon contents 

as well as on the influence of the final annealing treatment on the precipi- 
tation behavior and the loss of ductility of alloy 625 &ring annealing at 

temperatures ranging from 600 - 1000°C. The effect of thermal aging on room 

temperature tensile properties and room temperature impact strength as well 

as on elevated temperature tensile properties has been evaluated. 

Experimental 

As starting material two hot rolled plates of 12 mm thickness of alloy 625 

were used, which, according to Table 1, differed significantly in their 

niobium and carbon contents. In advance of thermal aging, parts of these 

plates have been annealed at 98U°C, 1050°C and 1120°C for 50 minutes each. 

The thermal aging matrix covers in 100°C steps the temperature range from 

600 - 1UUU”C and the times of 10, 100 and 1000 hours. All samples have 

been tested transverse to the rolling direction. Besides testing the 

mechanical properties at room temperature, tensile tests at aging tem- 

perature have been carried out after aging. 

1 Cr 1 Ni 1 MO 1 Fe 1 Mn 1 Si 1 Ti 

alloy 625 
I I 

/~a~~~,$$fohMo 22.25 bal. 9.27 2.05 0.1 0.04 0.3 

;~ay$$g,y.f2 hMo 21.9 bal. 8.94 1.4 0.03 0.04 0.18 

Nb+Tal Al 1 C 1 

Table 1: Chemical composition of the experimental material 
in comparison to the ASTM requirements for alloy 625 
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Results and Discussion 

Room temperature properties as a function 
of final annealing treatment 

Fig. 3 and 4 show the microstructure of the starting material. After final 

annealing at temperatures of 980°C and 1050°C carbides could not be solved 

completely and, therefore, a grain growth cannot occur. At 1120°C both alloy 

variations show grain growth, which can be correlated to the carbon content 

of the alloys. In addition, Table 2 summarizes the results of impact testing 

for both alloy variations as a function of the final annealing temperature. 

As was to be expected, the alloy with the lower carbon content stands out for 

higher impact values at any temperature. 

ticrofer 

6020 hMo 

Nicrofer 

6022 hMo 

Fig. 4 and 5: Microstructure as a function of 
the final annealing temperature 

Table 2: Effect of final annealing on Charpy-notch-impact 
energy of alloy 625 variations. Results of tests 
at room temperature on ISU-V-notch samples 
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Room temperature properties as a function 
of thermal aging 

In a second step, the Charpy-notch impact values for both alloy variations 

with their 3 final annealing variations each have been evaluated as a func- 

tion of aging time and temperature. In order to compare the tested sample 

variations IS0 impact energy curves have been determined from the experimen- 

tal results for the impact energy values of 50 J/cm2, 100 J/cm2 and 150 J/cm2. 

Figure 5 and 6 show, as an example, the results for the two test variations, 

i.e. Nicrofer 6020 hMo finally annealed at 1120°C and Nicrofer 6022 hMo 

finally annealed at 980°C. The absolutely lowest impact energy values have 

been found after thermal aging over 1000 hours at 700 and 800°C in all test 

variations. This severe ductility loss was caused by the precipitation of 

the tetragonal Nipb-phase and the orthorhombic Ni3(Nb,Mo)-phase. However, 

even after thermal aging at 600°C a decrease in impact energy values of 

50 % with regard to the starting condition can be observed after 1000 hours. 

.c 600 

5 
= 500 
m 

time, h 

Fig. 5: ISU-notch impact curves for Nicrofer 6020 hMo 
annealed at 112U"C/50 min and aged as shown. 

Results of tests at room temperature on ISU-V-notch samples 
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Fig. 6: ISO-notch impact curves for Nicrofer 6022 hMo 
annealed at 98U°C/5U min and aged as shown. 

Results of tests at room temperature on ISU- V-notch samples 
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At higher temperatures only thermal aging at 1OUU"C did not end in a &c- 
tility loss. A comparison of the iso-impact-energy curves indicated that 

the "noses" of the iso-impact-energy curves have shifted with higher niobium 

and carbon contents to higher temperatures. If the results are evaluated 

with regard to the minimal thermal aging time needed to reach 50 J/cm2 
(Fig. 7), it can be seen that solution annealing at 1120°C should be prefer- 

red to soft annealing at 980°C. An extremely negative result was observed 

at a final annealing temperature of 1050°C. If, in addition, both alloy 

variations are compared, alloy Nicrofer 6020 hMo, which has the lower carbon 

and niobium contents, stands out for its smaller cktility loss. A decrease 

to an impact-energy value of 50 J/cm2 is to be expected after 550 hours at 

the earliest whereas the alloy variation with the higher carbon and niobium 

contents drops to this value after about 260 hours already. 

1200 
Nicrofer 

6022 hMo 6020 hMo 

9ooJ9 
100 200 300 400 500 

aging time, h 
6 0 0 

Fig. 7: Aging time to meet a Charpy-notch-impact energy value of 50 J/cm2 
depending on final annealing temperature and alloy composition 
according to tests at room temperature on ISO-Vqotch samples. 

The influence of thermal aging on hardness is shown in Fig. 8 and 9. The 

highest hardness values have been found at 700°C. Akvertheless, after 100 

hours an overaging effect could be observed. Thermal aging at 600°C will 

not result in an overaging effect in the test period of 1000 hours. The 

same applies for thermal aging at 800°C, up to 1000 hours a continuous 
increase of hardness could be observed. Aging at 900°C shows no change in 

the hardness values. Only aging at 1000°C leads to a slight decrease in 
hardness compared to the starting condition. 
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Effect of aging tirr;e and temperature on Brine11 hardness 

Fig.: 8 Nicrofer 6020 hMo 
starting condition: 
annealed at 980°C, HB = 213 

Fig. 9: Nicrofer 6022 hMo 
starting condition: 
annealed at 1120°C, HB = 232 

Similar results with regard to the increase of the hardness values as a 

function of aging time and temperature have been published by H. Bb'hm (4). 

He reported a continuous increase in hardness after aging at 675°C over 

1000 hours and correlated this increase with the precipitation of the tetra- 

gonal phase Ni3(Nb,X). At an aging temperature of 750°C H. Btihm found an 

overaging effect which alas caused by the primary precipitation of the 

metastable tetragonal phase Ni3(Nb,X) and the secondary precipitation of 

the orthorhombic phase Ni3(Nb,Mo). 

Figures 10 and 11 show the influence of high temperature aging on the 0.2 % 

yield strength tested at roan temperature and for the final annealing condi- 

tion of 980°C for both alloy variations. Above all it has to be mentioned 

that the increase in yield strength is very sluggish. The fastest aging 

response was observed at 700°C. This applies for both alloy variations and 

all starting annealing conditions. 

Effect of aging time and temperature on yield strength 

Fig. 10 Nicrofer 6020 hMo Fig. 11: Nicrofer 6022 hMo 
starting condition: starting condition : 
annealed at 980°C annealed at 980°C 
R po.2 = 482 N//n-n2 Rpo.2 = 549 N/mm2 
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As was expected, the difference in strength levels remains after high tem- 

perature aging. The highest strength levels, which can be reached by high 

temperature aging, are to be expected at 650°C. At 900°C and above there 

will be no further increase in yield strength. The influence of the final 

annealing condition and the additional high temperature aging at 800"C/1000 

hours on the elongation (A5J tested at room temperature, can be taken as an 

example for the alloy variations which are summarized in Table 3. 

annealing condition I 
Nicrofer 6020 hMo Nicrofer 6022 hMo heat 76 5O2 heat 82310 

98O”C/ 50min 50% 46% 
+8OO”C/ 1000 h 11% 13% 
105O”C/ 5Omin 46% 52% 
+8OO”C 1000 h 11% 17% 
112O”C/ 5Omin 39% 60% 
+800”C/1000h 17% 22 % 

Table 3: Effect of final annealing and additional 
aging on the elongation fA ) tested at 
room temperature of alloy 225 variations 

It is obvious that higher final annealing temperatures result in a smaller 

decrease in elongation after aging. Cue to its finer microstructure the 

alloy variation with a higher carbon content reaches the higher elongation 

values, irrespective of the individual annealing conditions. No decrease in 

elongation was observed after aging at 1000°C. Aging at 600°C resulted in a 

decrease in elongation of 30 % after 1000 hours correlated to the starting 

condition. This value is significantly lower than the decrease in impact- 

energy. If these ductility values are compared with the results of the im- 

pact testing, the first interim result is that the solution annealed alloy 

variation of Nicrofer 6020 hMo with the lower carbon content shows the smal- 

ler loss of ductility towards impact bending. However, in case of slow 

plastic deformation the alloy variation with the higher carbon content is 

to be preferred. 
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High temperature strength as a 
function of aging temperature 

The influence of the final annealing conditions and the additional aging 

on the mechanical properties at room temperature and at aging temperature 

of 800°C, 700°C and 6OO”C, are shown in Table 4. For comparison purposes 

the values determined directly after the final annealing of the plates are 

also given. It can be seen that the effect of strengthening combined with 

a severe ductility loss only occurs if the material is tested at roan temp- 

era ture . Testing at an aging temperature of 800°C shows virtually no 

strengthening and no serious cixtility loss (A5). Aging the material at 

temperatures of 600 or 700°C, however, leads to an increase in yield 

strength. This applies also if the material is tested at aging tempera- 

ture. Nevertheless, the lowest strength levels have been determined after 

solution annealing at 1120°C and additional aging. Furthermore, it could 

be seen that, with respect to a good plastic ductility behavior, a higher 
solution annealing temperature is to be preferred to soft annealing. 

NicroferSMOhMo Nicrofer6022hMo 

annealing cwdition :~~~aturature Rp0.2inN/mm2 Asin% Rp0.2inN/mmz Asin% 

96O”C/ 50min RT 482 50 549 1 46 

+600"C/lOOOh 
RT 774 26 
600°C fill 23 

787 39 
- , 594 28 

1050X/ 50min RT 435 46 426 52 
I ^1_ ’ 29 905. 33 

+600”C/lOOOh kzia+et 29 I 713 / 31 
112O’Cf 50min RT 1 382 1 39 1 414 t 60 

+6OO”C/lOOO h 
nt , 033 , 
600°C 1 533 1 ..v.. , .r... , -- , 

Table 4 

Effect of final annealing and additional aging (M the mechanical 
properties of alloy 625 variations tested at various conditions 
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A comparison of both alloy variations shows the alloy composition Nicrofer 

6020 hMo to have the better plastic behavior in the temperatures range of 

about 600-7OO"C, being important for bellow and related applications, 

whereas in case of higher temperatures (800°C) Nicrofer 6020 hMo is better. 

The microstructure after high temperature aging 

The influence of aging on the microstructure after holding at 800°C for 1000 

hours is shown in Fig. l-2. The comparison contains both alloy variations 

and the influence of the final annealing treatment of the plates. The 

needle-like precipitates have been identified as the orthorhombic Ni3(Nb,Mo)- 

phase, which caused the severe loss of ductility at this temperature. More- 

over, on the grain boundaries M2$Z6 and M& carbides could be identified. 

The smallest loss of ductility was shown with the microstructure according 

to Fig. 12 A. The smaller ductility loss is due to the coarser grain struc- 

ture and the lower content of Ni3(Nb,Mo)-phase. 

Fig. 12: Microstructure of alloy 625 variations 
after aging at 800"C/1000 h as a function 
of the final annealing temperature 

3j2 

annealed 

112O"C/50 min 

+ aged 

800"C/1000 h 

annealed 

98O”C/50 min 

+ aged 

800 “C/l 000 h 



Conclusions 

The influence of the chemical analysis and the final annealing treatment 

on the precipitation and ductility behavior of alloy 625 has been studied. 

The most important conclusions are as follows: 

- After high temperature aging at 600 - 900°C alloy 625 shows a severe 

ductility loss. The lowest impact energy values have been determined 

after aging at 700 - 800°C. The ductility loss is caused by the preci- 

pitation of Ni3(Nb,Al,Ti)-phase and the orthorombic Ni3(Nb,MoI-phase. 

The latter has a most severe influence on the otlctility. 

- The ductility behavior of alloy 625 can be influenced by a variation of 

the carbon and niobium contents. A limitation of the carbon content to 

< 200 ppm and of the niobium content to < 3,6 % reduces the dctility = = 
loss significantly. 

- Furthermore, the final annealing temperature can influence the &ctility 

behavior of alloy 625. An annealing temperature of 1120°C causes a 

noticeable shift in the decrease in impact energy values to longer times. 

An extremely negative effect, however, has a final annealing temperature 

of 1050"c. 

- The greatest increase in yield strength of alloy 625 can be expected after 

aging at 650°C. Up to aging times of 100 hours there will be no overaging. 

The ISO-V-notch impact energy at room temperature of a material which has 

been aged under these conditions is above 80 J/cm2. 

- t&chanical testing, performed at elevated temperatures after thermal aging, 

has shown that there is no strengthening and no ductility loss at 800°C 

canpared with the final annealing condition. At temperatures of 600 and 

700°C a remarkable increase in yield strength as well as a decrease in 

elongation remains. 

- The low carbon and niobium version Nicrofer 6020 hMo of alloy 625 in the 

solution annealed condition has the best capabilities for bellow and 

related applications at intermediate temperatures (e.g. 600 and 700°C). 

373 



References 

1. F. A. Comprelli and U. E. Wolf, United States Atomic Energy Conmission, 

GEAP 4745 (1964). 

2. F. A. Comprelli and J. E. Lewis, United States Atmomic Energy Commission, 

GEAP-4751 (1965). 

3. F. A. Comprelli, United States Atomic Energy Commission, GEAP 4794 (1965). 

4. H. Bdhm, K. Ehrlich and K. H. Kramer, Metall, Vol. 24, 1970, pp. 139-144 

5. E. Schnabel, H. J. Schiiller, P. Schwaab, Prakt. Metallographie, Vol. 8, 

1971, pp. 521-527. 

6. J. R. Crum, M. E. Adkins and W. G. Lipscomb, Performance of High Nickel 

Alloys in Intermediate Temperature Refinery and Petrochemical 

Environments, Paper MI. 208, Corrosion 86, The National Association of 

Corrosion Engineers, Houston, Texas, 1986. 

7. 0. F. Kimball, W. R. Pieren and D. J. Robert, Effects of Elevate& 

Temperature Aging on the Mechanical Properties and Ductility of 

Ni-Cr-Mo-Nb Alloy 625, presented at the ASME Annual Winter Meeting, 

Detroit, Michigan, November 1973. 

374 


