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Metallurgical optimization of engineering alloys is traditionally addressed to improve the overall perfor-
mance from a mechanical point of view. Grain size is one of the most influential and critical parameters to
be controlled in nickel alloys, especially in the high-temperature shaping process and final solution treat-
ment, since it can irremediably damage the alloy performance. For this reason, grain coarsening of alloy
625 was investigated in the temperature interval from 980 to 1150 �C ranging from 0.5 to 6 h. The grain-
coarsening data were fitted via regression analysis as a function of time and temperature to develop a
predictive model. Grain boundary strengthening was studied by hardness and tensile tests, and the rela-
tionships between the grain size and the mechanical properties were finally determined by regression
analysis. Such equations were included in a thermo-metallurgical model able to predict the mechanical
properties after annealing treatment. This predictive model was validated on a forged tube subjected to
solution annealing at 1150 �C for 90 min. Then, it was finally used to compare different microstructural
conditions in terms of the alloy impact on the environment.

Keywords activation energy, grain coarsening, grain boundary
strengthening, mechanical strength, modeling and
simulation, superalloys

1. Introduction

Alloy 625 belongs to the family of nickel–chromium–
molybdenum alloys. It was officially patented on December 8,
1964, by H. L. Eiselstein and J. Gadbut to achieve, through
solid-solution strengthening, a unique combination of mechan-
ical strength, fracture toughness, fabricability, weldability and
corrosion resistance under aggressive conditions from low to
high temperatures together with excellent fatigue and thermal
fatigue resistance (Ref 1-8). The high-temperature strength and
medium-high resistance to several aqueous environments allow
its use in several industrial fields, such as aerospace, chemical,
oil and gas extraction, power generation and automotive which
require reliable long-term performances (Ref 1, 4, 6).

In the metallurgical field, an environmentally compatible
approach is increasingly important to limit CO2 emissions
together with energy and water consumption. The metallurgical
research promotes the development and optimization of new
alloys and heat-treating cycles to exploit maximum material
potential. For this reason, this work is aimed to develop a

predictive model for the mechanical properties of alloy 625
after annealing treatment. This tool becomes extremely impor-
tant when an accurate optimization of the microstructural
condition of the material is required to provide an optimal
balance between mechanical strength and corrosion resistance.

According to ASTM B446 (Ref 9), this alloy is provided in
the as-annealed condition where it is associated with an
excellent combination of mechanical strength and corrosion
resistance relative to high-alloyed stainless steels (Ref 4, 6, 10).
Good toughness of the face-centered-cubic c matrix combines
with the considerable solid-solution hardening effect of nio-
bium, molybdenum and chromium. Moreover, high contents of
chromium and molybdenum provide excellent corrosion resis-
tance (Ref 11, 13). Heat treatment consists of two possible
procedures: soft-annealing treatment and solution annealing.
Soft annealing is performed at a minimum of 871 �C for service
applications below 600 �C, where tensile strength and corro-
sion resistance are required (Ref 9). Solution annealing is
performed at a minimum of 1093 �C for service applications
above 600 �C, where high creep strength is required (Ref 9). In
the as-annealed condition, the austenitic microstructure nor-
mally shows a heterogeneous distribution of primary carbides
and nitrides dispersed within the matrix (Ref 8, 11-13). These
phases are called ‘‘primary’’, because they are formed during
the solidification process. In their composition, niobium and
titanium are typically involved. In addition, the thermal
exposure of this alloy during processing, heat treatment and
service can lead to a further precipitation of secondary phases.
In fact, the presence of several alloying elements, such as
molybdenum, niobium and chromium, determines a complex
precipitation behavior upon sufficient exposure above approx-
imately 600 �C. This is responsible for complex microstructural
changes that may modify the mechanical properties and
corrosion resistance strongly (Ref 1, 13). According to the
time–temperature–precipitation (TTP) curves reported in liter-
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ature and adapted in Fig. 1, the thermal exposure of alloy 625
determines precipitation of MC, M6C and M23C6 metal
carbides, intermetallic phases, normally c00, d, Ni2(Cr,Mo) and
Laves, and (Cr,Nb)2N nitrides (Ref 13). The precipitation curve
of the intermetallic Ni2(Cr,Mo) phase is not reported in Fig. 1.
In fact, according to the literature, this metastable phase with a
snow-flake morphology is formed after very long exposures
below 600 �C and its precipitation kinetic is not deeply
investigated and defined (Ref 14). The typical compositions
of the main primary and secondary phases are reported in
Table 1. The precipitation of intergranular carbides and
intermetallic phases causes sensitization and degradation of
ductility. In fact, the formation of intergranular chromium- and
molybdenum-rich carbides depletes these alloying elements
from the surrounding zones enhancing the susceptibility to
intergranular corrosion (Ref 1-4, 13, 15-17). For this reason,
during cooling from the annealing temperature, the exposure to
the precipitation-prone temperature range should be carefully
controlled to minimize the formation of secondary phases.
However, the formation of intermetallic phases can provide a

considerable hardening effect, at the expense of ductility, that
can be exploited to improve the mechanical strength.

The typical heat-treating ranges are inevitably associated
with grain growth (Ref 18, 19). Since the grain size affects the
mechanical properties, the investigation of the grain coarsening
is fundamental to identify optimal heat-treating parameters
(soaking temperature and holding time). In fact, their definition
should be associated with the best compromise between the
solubilization efficacy, which influences the corrosion resis-
tance, and the grain growth, which directly affects the
mechanical strength. The analysis of the grain coarsening is
performed to develop an experimental model via regression
analysis able to predict the grain size after annealing at a
generic temperature in the range prescribed by the standard
ASTM B446-19 (Ref 9). The solution treatment is required
since in the high-temperature shaping process, such as forging,
the material is heated in the precipitation-prone temperature
range and the overall thermal cycle, especially the cooling
stage, could activate the formation of undesired precipitates.
However, the primary phases originated during the solidifica-
tion process cannot be completely removed by annealing
treatment, because their solubilization would require tempera-
tures very close to the melting range or very long exposures,
which are unacceptable in terms of grain growth and produc-
tivity. For this reason, the typical annealing temperatures
defined by the reference standard (Ref 9) do not allow the
complete removal of such phases. According to the recom-
mendations available in the literature, a common soaking time
for the solution-annealing treatment is equal to about 1 h per
inch of section (Ref 6). This exposure allows to dissolve all the
phases except some primary carbides (Ref 2, 13, 19).

Each position within the section of a component is
associated with a specific time–temperature curve which
represents the variation of temperature in that position as a
function of time from the initial temperature to the annealing
one. In the presence of large components, the time–temperature
curves during the heating process normally involve a consid-
erable transient region due to the low thermal conductivities of
nickel-base alloys. In fact, a low thermal conductivity increases
the duration of the transient stage because it hinders heat
conduction within the component. The transient stage repre-
sents the part of the thermal cycle during which the temperature
in each position varies from the initial one to the annealing one.
In the transient stage, temperature does not increase uniformly
within the section generating thermal gradients. For this reason,
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Fig. 1 TTP diagram of solution-annealed alloy 625. Composition
ranges in wt. %: 58.0 min Ni, 0.01-0.04 C, 0.05-0.10 Si, 0.02-0.10
Mn, 20.5-22.5 Cr, 4.0-4.5 Fe, 8.1-8.9 Mo, 0.1-0.25 Ti, 3.4-3.7 Nb,
0.02-0.03 Al (Ref 13)

Table 1 Typical compositions of the primary and secondary phases in alloy 625 upon thermal exposure (Ref 1, 13)

Phase Typical composition

MC Matrix blocky
(Cr0.04Fe0.02Ni0.09Nb0.75Mo0.03Ti0.07)C
(Cr0.03Ni0.04Nb0.39Mo0.01Ti0.53)C
Grain boundary
(Cr0.04Fe0.01Ni0.08Nb0.67Mo0.01Ti0.15)C

M6C (Cr0.21Fe0.02Ni0.37Nb0.80Mo0.24Si0.08)6C
M23C6 (Cr0.85Fe0.01Ni0.07Mo0.07)23C6

c
0 0

Ni3(Nb>0.5Ti<0.5Al<0.5)
d Ni3Nb
Ni2(Cr,Mo) Ni0.63Cr0.30Mo0.07
Laves (Cr0.31Fe0.08Ni0.41)2(Si0.17Ti0.01Nb0.19Mo0.63)
(Cr,Nb)2N (Cr0.39Nb0.41Ni0.07Mo0.13)2N
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large components exhibit both higher thermal gradients and a
longer transient stage before reaching uniform temperature.
Moreover, since thermal gradients are directly associated with
thermal stresses and distortions, reduced furnace heating
gradients are typically adopted when the thermal cycle becomes
critical in the transient stage in terms of distortions. In the
steady-state condition, the temperature of the component
becomes uniform within the section and equal to the annealing
one. So, the steady-state stage is also called ‘‘isothermal’’
region, because temperature remains constant over time in each
position within the section. Instead, the transient stage is also
called ‘‘anisothermal’’ region, because temperature depends on
time in each position. For this reason, the prediction of the grain
size distribution should consider both the isothermal and
anisothermal parts of the thermal cycle.

In addition to the solid-solution strengthening effect, the
mechanical properties are influenced by the grain size. As
previously described, this can be predicted using the experi-
mental grain-coarsening model in combination with the time–
temperature curves of the annealing treatment. The grain
boundary strengthening was investigated by experimental tests
and the results were modeled via regression analysis to develop
a model able to predict the mechanical properties associated to
a specific grain size. In addition, the overall predictive model
allows to assess the compatibility of the material condition with
the minimum standard and service requirements. Moreover, it
represents an investigative tool in the presence of a service
failure. In fact, once the grain size is measured, the mechanical
strength can be estimated and compared with the minimum
requirements (Ref 9). Furthermore, starting from the measured
grain size, it is possible to estimate the heat-treating conditions
responsible for such excessive growth. As described, the
application of this predictive model to an industrial component
requires the thermal analysis as input.

In conclusion, once the time–temperature curves in each
position within the section of a component are available via
analytical, numerical or experimental thermal analysis, the
distributions of grain size and mechanical properties after
annealing treatment can be predicted with the relationships
calculated in this work. Predictive analysis is fundamental to
ensure a more accurate definition of annealing treatments
characterized by the best balance between reduced grain growth
and correct solubilization. Then, the thermal analysis of the
cooling stage allows optimization of the cooling conditions to
avoid or minimize the carbide precipitation (Ref 13).

2. Experimental Plan and Procedure

The grain coarsening of alloy 625 was investigated by
isothermal soaking tests starting from the as-received condition
in a muffle furnace at 980 �C, 1100 �C and 1150 �C with
subsequent water cooling. These values were selected within
the typical heat-treating ranges for this alloy according to the
standard ASTM B446-19 (Ref 9). In fact, the first value lies in
the range of the soft-annealing treatment, the third value is
positioned in the usual range of the solution-annealing
treatment, and the second value is located at an intermediate
level (Ref 9). Grain coarsening was not studied above 1150 �C
since this temperature is not usually exceeded in industrial hot-
working procedures and heat treatments. Moreover, excessively
high temperatures would determine a significant disproportion-

ate grain growth which is unacceptable, because of the
detrimental loss in mechanical strength and the development
of heterogeneous properties (Ref 18). Soaking times for each
temperature level were fixed at 0.5 h, 1 h, 3 h and 6 h. The
grain growth was also studied at 1038 �C up to 1 h. In fact, this
temperature is included in a further development of this project
focused on the optimization of the aging treatment to improve
the mechanical properties of this alloy. Then, the influence of
the grain size on the mechanical strength was studied by
hardness and room-temperature tensile tests in different exper-
imental conditions to investigate the relationships between the
grain size and the corresponding mechanical properties via
regression analysis. Hardness tests were performed in all the
time–temperature conditions adopted for the analysis of the
grain coarsening. Room-temperature tensile tests were per-
formed in some selected conditions: 1038 �C, 0.5 h; 1100 �C,
3 h and 1150 �C 3 h. They were selected to cover the grain size
range uniformly. As described previously, also the annealing
temperature of 1038 �C was considered and selected for both
hardness and tensile tests.

Regarding the experimental tests required to develop the
predictive metallurgical model, all the samples for metallo-
graphic observations, hardness and tensile tests were obtained
from a forged and untreated 60 mm diameter rod. Tensile
specimens were taken in the longitudinal direction of the rod.
Regarding the metallographic observations and the hardness
tests, etching was immediately performed after polishing to
offset the natural tendency of this alloy to rapidly self-passivate
in the presence of oxygen. The etchant composition was five
parts HCl diluted in one part 30% H2O2 (Ref 5, 20, 21). After
metallographic preparation and etching, the average grain size
of each sample was measured. Calculation of the average grain
size in each condition was performed in accordance with
standard ASTM E112-13 (Ref 22). In this case, the Heyn lineal
intercept procedure was adopted using twelve linear intercept
lines per micrograph. The hardness of each sample was
measured in HV30 Vickers scale using a Wolpert Testor 930
hardness tester in accordance with standard EN ISO 6507 (Ref
23). In each condition, a set of five hardness measurements was
collected to calculate the average and standard deviation. The
other room-temperature mechanical properties (yield strength,
ultimate tensile strength and percentage elongation after
fracture) were investigated by tensile tests, which were
performed in accordance with standard EN ISO 6892 using
round proportional specimens with an INSTRON model 4507
testing machine (Ref 24).

Then, for validation purpose, the predictive model devel-
oped with the previous experimental analysis was applied to an
industrial component to predict the mechanical properties after
annealing treatment. Two forged tubes with the same dimen-
sions, one in the as-forged and another in the as-solutionized
condition, were considered. The technical drawing of the tube
is shown in Fig. 2. Both the forged tubes were characterized by
a length of 1000 mm, an internal diameter of 340 mm and a
thickness of 55 mm. After forging and solution treatment, this
component is cut to obtain rings 40 mm thick, which are
adopted to produce metallic gaskets for the oil and gas field.
The industrial solution-annealing procedure was performed at
1150 �C for 90 min followed by water quenching. In the as-
forged condition, the initial average grain size at mid-radius
was measured considering four equally spaced circumferential
sampling positions located at the tube mid-length (A1-A4), as
shown in Fig. 3. The average grain size at mid-radius in the as-
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forged condition was measured during the quality control
operations in the manufacturing company, according to stan-
dard ASTM E112-13 (Ref 22). Then, considering the same
positions, both the grain size and the mechanical properties
were investigated in the solution-annealed tube by microstruc-
tural observation, hardness and tensile tests performed in our
laboratory. In the solution-annealed tube, specimens for
hardness tests (A1-A4) and tensile tests (T1-T4) were taken
again in the same four equally spaced circumferential positions
located at the tube mid-length and mid-radius, as shown in
Fig. 3. So, regarding the radial position, each sample in both
the tubes was taken in the middle between the outer and inner
surfaces. Then, these experimental results obtained on the real

industrial component were compared to the predictions of the
thermo-metallurgical model for validation purposes.

3. Experimental Tests on the Forged Rod

3.1 As-Received Condition

Regarding the forged rod, the chemical composition is given
in Table 2. It is compatible with the compositional limits
defined by the standard ASTM B446-19 (Ref 9). The
microstructure in the as-received condition is shown in the
optical micrograph reported in Fig. 4(a). The initial average
grain size was 45.1 lm, and it was uniform within the section
of the rod and varying the direction.

3.2 As-Annealed Condition

Using samples taken from the as-forged rod, the grain
coarsening was investigated by isothermal soaking tests in a
laboratory furnace at 980 �C, 1100 �C and 1150 �C with
subsequent water cooling. Figure 4(b, c and d) show the optical
micrographs of the as-annealed material in different time–
temperature soaking conditions. As described in the literature
(Ref 2, 13, 19), some titanium- and niobium-rich primary
carbides heterogeneously distributed within the matrix are
present in the microstructure, because the annealing procedure
does not allow a complete removal of such phases. The SEM
micrograph in Fig. 5 confirms the presence of residual primary
phases, especially carbides and nitrides, after the annealing
treatment. These primary phases are generated during the
solidification process and so they remains unaffected from the
as-received condition. The EDXS analysis of these primary
particles is reported in Table 3. The experimental grain sizes
after isothermal soaking at 980 �C, 1100 �C and 1150 �C for
different durations are reported in Table 4 together with the
results at 1038 �C. The grain size distributions were investi-
gated using an image analysis software developed in MA-
TLAB� by the authors and they are reported in Fig. 6 for
selected conditions. Grain size scattering is promoted by
increasing time and temperature leading to the formation of
disproportionate grains. Such phenomenon, called abnormal
grain growth, is described in literature (Ref 18). Vickers
hardness tests were conducted in each of the previous
conditions. Then, the influence of the grain size on the room-
temperature tensile properties was studied in the conditions
previously selected. The results of hardness and tensile tests are
reported in Table 5 and 6, respectively.

4. Metallurgical Modeling

4.1 Grain Coarsening

The experimental grain-coarsening results were fitted with a
custom exponential function adapted from the Johnson-Mehl-
Avrami model (Ref 25-28). It is reported in Eq. (1), where d is
the grain size [lm] at time t [min] and d0 is the initial grain size
[lm]. The first fitting parameter, d1, corresponds to the steady-
state grain size at each temperature, while the other two, a and
b, control the grain-coarsening kinetic over time. The steady-
state grain size represents the upper limit to grain coarsening

Fig. 2 Technical drawing of the forged tubes adopted for the
validation of the predictive model

Fig. 3 Sampling positions for hardness (A1-A4) and tensile (T1-
T4) specimens in both the as-forged and solutionized tubes
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because of the Smith-Zener pinning pressure exerted by
primary phases not completely removed by solution annealing.

d tð Þ � d0 ¼ d1 � d0ð Þ 1� exp �atb
� �� �

ðEq 1Þ

The fitting parameters, determined with the least-squares
procedure, are reported in Table 7 and the goodness is assessed
with the correlation coefficient (R2). The experimental grain
sizes and the fitting curves obtained via regression analysis are
reported in Fig. 7 together with the percentage errors between
experimental and predicted grain sizes. The maximum percent-
age error is 2.65% which corresponds to an absolute difference
of 1.4 lm between the experimental and predicted value.

Since grain coarsening is a thermally activated process, it is
possible to extrapolate the threshold temperature of grain
growth activation. The threshold value identifies the tempera-
ture level above which thermal exposure results in grain
growth. The difference at each experimental soaking temper-
ature between steady-state and initial grain sizes is plotted as a
function of temperature in Fig. 8. The three calculated differ-
ences are interpolated with a cubic smoothing spline and the
extrapolation toward zero difference provides the threshold
temperature of grain growth activation, which is approximately
equal to 937 �C. So, by interpolation of the fitting parameters

Fig. 4 Optical micrographs at 50 9 of the as-received condition (a) and of the as-annealed conditions: (b) 980 �C, 3 h; (c) 1100 �C, 3 h; (d)
1150 �C, 3 h

Fig. 5 SEM micrograph in the as-annealed condition (1038 �C
0.5 h). The magnification shows the presence of a primary nitride
(A) with composition (Ti,Nb)N and a primary carbide (B) with
composition (Nb,Ti)C

Table 2 Chemical composition in wt. % of the forged 60 mm diameter rod adopted in this work

Element Ni Cr Mo Nb Fe Mn Ti Al C Si P S

wt.% bal 22.11 8.27 3.32 4.50 0.25 0.29 0.33 0.06 0.13 < 0.01 < 0.01
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reported in Table 7, the isothermal grain-coarsening curve at a
generic temperature from 937 to 1150 �C can be calculated.

As described previously, since a generic thermal cycle
normally involves both isothermal and anisothermal parts, the
grain-coarsening curve is calculated according to the following
procedure. Considering the time–temperature curve at a generic
position in the section of the component, temperature is
assumed constant within each time step. Incremental grain
growth is determined at each time step considering the related
isothermal grain-coarsening curve and, as initial grain size, the
final value obtained in the previous step. Obviously, grain
growth ends when the final grain size at the previous step is
higher than the steady-state value at the current step. The step
amplitude is decreased until the result is stable.

4.2 Grain Growth Activation Energy

The grain-coarsening phenomenon is controlled by the
intergranular diffusion of atoms. The activation energy required
to start the process was determined via regression analysis of
the experimental grain-coarsening results considering a model
commonly adopted in the literature and described by Liu et al.
Ref 18.

d tð Þ � d0 ¼ Atmexp �Q=RTð Þ ðEq 2Þ

where d is the average grain size [lm], d0 is the initial grain
size [lm], A is a material constant, t is the soaking time [min],
m is the time exponent, Q is the grain growth activation energy
[J/mol], T is the absolute temperature [K] and R is the molar gas
constant [J/(mol K)]. These fitting parameters were determined
by least-squares procedure considering the linear form of
Eq. (2).

ln d tð Þ � d0ð Þ ¼ lnAþmlnt� Q=ðRTÞ ðEq 3Þ

The calculated Q, m and A fitting coefficients are 191956
J/mol, 0.251 and 3:28 � 108, respectively. The calculated grain
growth activation energy is in good agreement with the
literature and it is compatible with the activation energy of
grain boundary diffusion of nickel (187 kJ/mol) and that of
chromium (180 kJ/mol) and niobium (202.6 kJ/mol) in nickel

(Ref 18, 29-31). The goodness of this fitting model is assessed
with the correlation coefficient, which is equal to 0.9737.

4.3 Grain Boundary Strengthening

To investigate the reinforcement effect provided by grain
boundaries, both the hardness and the tensile properties were
plotted as a function of grain size in Fig. 9, 10, 11 and 12.*
Using the least-squares procedure, the experimental data were
fitted by a power function of three parameters (y0, k and n), as
shown in Eq. (4), where d is the grain size [lm]. This
regression model was adapted from the Hall-Petch relation
between yield strength and grain size considering the exponent
n a fitting parameter rather than a constant value (Ref 32).

y dð Þ ¼ y0 þ kdn ðEq 4Þ

The fitting parameters for both the hardness and the tensile
properties are reported in Table 8 together with the correlation
coefficients.

The mathematical model adopted to fit the experimental
values describes the reduction in room-temperature mechanical
strength (hardness, yield strength and ultimate tensile strength)
with increasing grain size up to the asymptotic y0 value, which
represents the base strength when the grain size tends at infinity.
In the case of the percentage elongation after fracture %L, there
is a progressive increase with increasing grain size up to the
asymptotic y0 value, which represents the base %L. The base
values depend exclusively on the alloying-based reinforcement
mechanism.

5. Validation of the Thermo-Metallurgical Model

For validation purposes, the predictive model developed in
this work was applied to an industrial component to predict the
final grain size distribution and the resulting mechanical
properties after solution-annealing treatment. In general, the
metallurgical model can be applied to any component once the
time–temperature curves of the heat treatment are available at
each position within the section. Obviously, their calculation
requires a thermal analysis of the heat-treating cycle, which
could be analytical, numerical, experimental or based on a
mixed approach. In this work, the thermo-metallurgical model
was validated on a forged and solutionized tube. In the as-

Table 3 Chemical composition in wt.% by EDXS analysis of the residual primary phases observed in the as-annealed
condition

Element Ni Cr Mo Nb Fe N Ti Al C Si P S

Bulk Bal 22.11 8.27 3.32 4.50 0.25 0.29 0.33 0.06 0.13 < 0.01 < 0.01
A 37.6 14.76 4.95 10.9 2.92 7.41 21.0 0.30 … 0.12 < 0.01 < 0.01
B 3.49 1.29 0.00 87.9 0.33 0.00 6.61 0.22 … 0.15 < 0.01 < 0.01

Table 4 Average grain size after isothermal soaking at
980 �C, 1038 �C, 1100 �C and 1150 �C for different
exposure times

Time, min

Grain size, lm

980 �C 1038 �C 1100 �C 1150 �C

30 52 62 80 119
60 55 67 89 143
180 59 … 100 165
360 60 … 105 173

*The plots of the mechanical properties as function of the grain size are
obtained combining the experimental results presented in this paper with
other data coming from a previous project regarding the same nickel alloy
to improve the accuracy of the regression model for each mechanical
property. These additional unpublished results are related to the investiga-
tion of forged flanges by E. Vassena, Evoluzione della struttura di flange in
Lega 625 al variare dei parametri di riscaldo, Mechanical Engineering
Master of Science Thesis, Politecnico di Milano, 2012.
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forged condition, the average grain size at mid-radius was
measured by the manufacturing company and it was equal to
18 lm. Experimental tests were performed at the same radial
position (mid-radius) in both the as-forged and solution-
annealed tubes. The average grain size and mechanical
properties in the solution-annealed tube are reported in Table 9.

5.1 Numerical Simulation with the Finite-Element Method

Numerical thermal analysis was adopted to calculate the
time–temperature curves associated with the industrial solution-
annealing treatment at each position of the tube section. Finite
element transient heat-transfer analysis provides the numerical
solution of the heat-diffusion partial differential problem
reported in Eq. (5) once the initial conditions, boundary
conditions and material properties are defined. This analysis
was performed modeling the problem as axisymmetric. This
hypothesis was adopted since the geometry, material properties
and boundary conditions were assumed to be entirely axisym-
metric.

1

r

@

@r
kr

@T

@r

� �
þ @

@z
k
@T

@z

� �
¼ qcp

@T

@t
ðEq 5Þ

In Eq. (5), derived from the Fourier�s law (Ref 33) which
governs the conductive heat-transfer mode, k is the material
thermal conductivity, q is the material density, cp is the specific
heat and Tðr; z; tÞ is the scalar temperature field, where r and z
represent the radial and axial coordinates, respectively, and t is
the time. The discretization of the geometry was performed
considering triangular finite elements with linear order. Their
average size and the simulation time step were progressively
refined up to a satisfying convergence of the numerical
solution. The material properties were assigned considering
two technical datasheets available in the literature (Ref 10, 34).
Specific heat and thermal conductivity were considered tem-
perature-dependent properties and they were modeled by linear
regression functions assigned to the finite element solver. The

Table 7 Parameters of the grain-coarsening fitting
function at each isothermal soaking temperature

Parameters 980 �C 1100 �C 1150 �C

d1 59.2 104.4 174.0
a 0.0916 0.0916 0.0916
b 0.6606 0.6606 0.6606
R2 0.9762 0.9983 0.9996

Table 6 Room-temperature tensile properties varying the
grain size

YS, MPa UTS, MPa %L Z%

1038 �C, 0.5 h 350 829 61 70
1100 �C, 3 h 325 780 66 69
1150 �C, 3 h 317 751 70 70

Table 5 Average Vickers hardness values in the presence
of isothermal soaking at 980 �C, 1038 �C, 1100 �C and
1150 �C

Time, min

HV30

980 �C 1038 �C 1100 �C 1150 �C

30 198 194 181 176
60 196 192 178 178
180 200 … 179 169
360 195 … 178 178

Fig. 6 Grain size distributions of selected isothermal soaking conditions (0.5 h and 3 h) at each temperature level: (a) and (b) � 980 �C, 0.5 h
and 3 h; (c) and (d) � 1100 �C, 0.5 h and 3 h; (e) and (f) � 1150 �C, 0.5 h and 3 h
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material density was considered constant with respect to
temperature and equal to 8455 kg/m3. The boundary conditions
were defined considering the presence of both the convective
and radiative heat-transfer modes, as shown in Fig. 13.
Radiation across the material surfaces was defined by assigning
a constant emissivity, e, equal to 0.85 according to the literature

(Ref 33). The radiative heat-transfer mode is absent across the
internal surface of the tube. The convective coefficients, h, of
both the heating and cooling stages were determined as a
function of the surface temperature and were assigned to the
finite element solver as polynomial regression functions. The
convective coefficients during the heating stage were calculated
as a function of the surface temperature using the relations of
Churchill and Chu for the Nusselt number in the presence of
free convection along the surface of long horizontal cylinders
(Ref 33). The heating stage was modeled considering a uniform
initial temperature, T 0, equal to 20 �C for the material. The
ambient temperature, T1, is defined equal to 1150 �C, which
corresponds to the furnace heat-treating temperature. The water
cooling stage was modeled considering the three stages in the
presence of phase change: film-boiling, nucleate boiling and the
convection stage (Ref 33). They are associated with different
heat-transfer levels and their convective coefficients were
calculated according to the literature (Ref 33, 35, 36). The
film-boiling regime occurs at surface temperatures higher than
the wetting temperature, equal to approximately 700 �C in the
case of agitated water. In the film-boiling regime, the surface
temperature is sufficiently high to vaporize the liquid water and
to form a stable vapor film around the cylindrical surface. The
entire solid surface is covered by a vapor blanket, and heat is
transferred to the liquid phase across the vapor film. The
presence of a vapor layer between the surface and the liquid
phase determines a reduction in the cooling rate. As the surface
temperature is reduced below the Leidenfrost temperature, the
vapor film collapses and nucleate boiling begins. In this case,
several vapor bubbles, generated at the surface, leave rapidly as
jets and columns causing a significant increase in the convec-
tive heat flux. Below approximately 105 �C, the surface is
permanently wetted by the fluid without boiling phenomena. In
this range, the cooling rate becomes progressively reduced
because the absence of bubbles produces lower convective
coefficients. They were determined as a function of the surface
temperature using the relations of Churchill and Bernstein for
the Nusselt number in the presence of forced convection along
the surface of long horizontal cylinders (Ref 33). The water
cooling stage was modeled considering as initial temperature
the solution-annealing one. The ambient temperature was
defined equal to 20 �C.

The time–temperature curves at the outer surface of the tube
and at mid-radius are plotted in Fig. 14 considering both the
heating and the water-cooling stages. The heating stage is
composed of the initial transient region followed by the steady-
state region. According to the results, the duration of the

Fig. 7 Experimental grain sizes and fitting curves from the regression analysis (dashed curves) (a). Percentage errors between experimental and
predicted grain sizes (b)

Fig. 8 Difference between steady-state and initial grain sizes as a
function of temperature and cubic smoothing spline fitting for
identification of the threshold temperature of grain-coarsening
activation

Fig. 9 Experimental hardness and fitting curve as a function of
grain size
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industrial heat-treating cycle (90 min) is sufficient to ensure a
minimum of 30 min soaking in the most critical region (mid-
radius). In fact, as shown in Fig. 15(a), the temperature after
60 min is uniform within the section and close to the steady-
state value. Moreover, as shown in Fig. 14, water cooling from
the solution-annealing temperature ensures complete absence of
precipitation phenomena within the whole section. This aspect
is also demonstrated in Fig. 15(c). In fact, the temperature

distribution after 5 min of cooling is already outside the thermal
range of carbide precipitation and this time is not sufficient to
activate such formation in the whole range. The carbide-
precipitation curves are taken from the time–temperature–
precipitation TTP diagram of Floreen et al. Ref 13 which was
selected as a reference. Moreover, it is the most widely
accepted in the literature for alloy 625. The prevention of
carbide precipitation is fundamental to retain the supersaturated
condition and to ensure optimal corrosion resistance. In
addition, Fig. 15(b and d) show the temperature distributions
within the section during the cooling stage, respectively after
2 min and 10 min. As shown in Fig. 15, heat transfer across the
internal surface of the tube occurs more slowly with respect to
the outer surface because of the absence of the radiative mode.

The time–temperature curves of the solution-annealing
treatment modeled by finite element analysis were adopted to
calculate the final grain size distribution and the resulting
mechanical properties within the tube section using the
predictive thermo-metallurgical model. The simulation of the
industrial solution-annealing treatment on the forged tube
provided the prediction of properties reported in Table 10.
These results, referred to the nodal position at the tube mid-
length and mid-radius, were compared to the experimental
observations performed on the solution-annealed tube at the
same positions. The comparisons are reported in Table 10.

6. Environment-Based Optimization

The environmental impact of the manufacturing cycle
should be considered as a further constraint in the optimization
process. The potential reductions in energy, water and CO2

emissions were estimated considering the grain size variation
due to the nonoptimal choice of the heat-treating parameters
(soaking time and solution temperature). This is obtained when
components with different sections are solution treated in the
same furnace load. Considering the tube adopted for the
validation of the thermo-metallurgical model, the relationship
between the minimum thickness and the yield strength can be
obtained using the Mariotte�s formula for the circumferential
stress and the von Mises failure criterion for the static
assessment (Ref 37). Therefore, considering the same yielding
safety factor and tube diameter, the ratio between the yield
strengths, ryi, in two different material conditions is related to
the ratio between the minimum tube thicknesses, ti, according
to Eq. (6).

t1
t2
¼

ry2
ry1

ðEq 6Þ

Fig. 10 Experimental yield strength and fitting curve as a function
of grain size

Fig. 11 Experimental ultimate tensile strength and fitting curve as a
function of grain size

Fig. 12 Experimental percentage elongation after fracture and
fitting curve as a function of grain size

Table 8 Fitting parameters of the power model between
each mechanical property and the grain size

Parameters HV YS, MPa UTS, MPa %L

y0 165 316 752 67
k 1325 3097 3567 � 563
n � 0.961 � 0.915 � 0.953 � 1.000
R2 0.900 0.780 0.924 0.794
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Equation (6) states that an increase in the material yield
strength allows a proportional reduction in the tube thickness
with a consequent mass reduction. This, in turn, results in a
lower energy and water consumption and lower CO2 emissions.
As reported in the literature (Ref 38), the production of nickel
alloys is associated with a CO2 emission of approximately

13 kg/kgNi, a primary energy demand of approximately
236 MJ/kgNi and a water consumption of approximately
106 kg/kgNi. As discussed here, the grain size control is a
key factor for the mechanical resistance of the investigated
alloy and a fine-grained microstructure is generally appreciated
for the significant increase in the yield strength. Such
conditions can be obtained with a strong control of the
recrystallization process during high-temperature deformation
and with an optimal choice of the solution time and temper-
ature.

Considering the tube adopted for the validation, the optimal
solution treatment duration at 1150 �C is 90 min according to
the simulation. This results in a final grain size of 119 lm and a
yield strength of 355 MPa. A soaking time of 135 min,
obtained by a common practical rule of 1 h per inch of section
(Ref 6), would produce a coarser grain size, i.e., 147 lm
(+ 24%) and a reduced yield strength of 348 MPa. In terms of
design, such a loss in mechanical strength requires a larger tube
thickness (56.5 mm) with higher consumption of material and,
consequently, an increased carbon footprint. Optimization of
the holding time ensures an appreciable material savings of
approximately 16 kg per meter of tube length. Considering the
global warming potential associated with nickel extraction and
processing, the optimized solution allows a reduced carbon
footprint of approximately 205 kg CO2 per meter of length,
lower water consumption of approximately 1668 kg per meter
of length and a reduced primary energy demand of approxi-
mately 3.71 GJ per meter of length.

Similarly, the choice of the solution temperature can greatly
influence the material performance. Since the standard ASTM
B444-18 (Ref 39) suggests a minimum solution-annealing
temperature of 1093 �C, a new thermal simulation at 1100 �C
for 90 min was performed resulting in a final grain size of
83 lm and a yield strength of 370 MPa. Compared to the
solution treatment at 1150 �C with the same duration, the
appreciable grain-coarsening reduction (� 30%) allows a
higher yield strength (+ 4.2%). Such improvement allows a
reduced tube thickness, i.e., 53 mm. Optimization of the
solution temperature ensures an appreciable material savings of
approximately 21 kg per meter of tube length. Considering the
global warming potential associated with nickel extraction and
processing, this optimized solution allows a reduced carbon
footprint of approximately 273 kg CO2 per meter of length,
lower water consumption of approximately 2224 kg per meter
of length and a reduced primary energy demand of approxi-
mately 4.95 GJ per meter of length.

A further strength improvement can be obtained exploiting
the precipitation response of this alloy upon thermal aging. In
fact, the presence of a sufficient content of titanium and

Table 9 Grain size and mechanical properties at each circumferential testing point (mid-radius) of the solution-annealed
tube

Grain size, lm HV YS, MPa UTS, MPa %L

Position 1 (A1/T1) 104 188 378 779 62
Position 2 (A2/T2) 110 180 354 771 64
Position 3 (A3/T3) 110 187 382 783 62
Position 4 (A4/T4) 128 181 377 782 62
Mean 113 184 373 779 63
Standard deviation 10 4 13 5 1

Fig. 13 Scheme of the boundary conditions adopted in the thermal
FEM analysis

Fig. 14 Time–temperature curves of the solution-annealing
treatment at the outer surface of the tube and at mid-radius. The
cooling curves overlap with the time–temperature–precipitation
curves of Floreen et al. Ref [13]
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niobium could provide a significant hardening response even
after acceptable aging times. According to the literature, the
main hardening effect is provided by the formation of the
intermetallic c00 metastable phase (Ref 1, 2, 13). The study and
optimization of the age-hardening response of this alloy are
under investigation and will be described in a subsequent work.

7. Conclusions

The grain-coarsening process, being thermally controlled, is
characterized by a more pronounced growth with increasing
temperature. The grain-coarsening rate is instead progressively
reduced with time at a certain temperature as the grain size
approaches the related steady-state value. The threshold
temperature of grain growth activation in alloy 625 is obtained

at approximately 937 �C. The experimental data confirm the
loss in mechanical strength with increasing grain size because
of the reduction in grain boundary density. Hardness, yield
strength and ultimate tensile strength are reduced with increas-
ing grain size. On the other hand, percentage elongation after
fracture slightly increases. The variations in the mechanical
properties with the grain size are characterized by an asymp-
totic behavior which implies the presence of a lower bound in
the strength reduction. This result is important for special
applications, such as metallic gaskets where a maximum
hardness value is prescribed.

The thermo-metallurgical model was validated on a real
industrial component with a maximum absolute error equal to
5.3% in the prediction of the grain size and the mechanical
properties. According to the thermal analysis, the duration of
the industrial heat-treating cycle is correct to ensure a sufficient
solubilization time with respect to the literature recommenda-

Fig. 15 Temperature distributions within the tube section after (a) 60 min; (b) 92 min (2 min cooling); (c) 95 min (5 min cooling); (d) 100 min
(10 min cooling) from the beginning of the industrial heat-treating cycle

Table 10 Results of the thermo-metallurgical simulation of the solution-annealing treatment on the forged tube and
comparison with the experimental observations in the same positions along the tube section

Grain size, lm HV YS, MPa UTS, MPa %L

Experimental analysis Mean 113 184 373 779 63
Standard deviation 10 4 13 5 1

Simulation Mean 119 178 355 789 62
D 6 � 6 � 18 10 � 1
e % 5.3% � 3.3% � 4.8% 1.3% � 1.6%
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tions. The thermal analysis confirmed the absence within the
whole section of secondary carbides or other phases precipi-
tated during the water cooling stage of the solution treatment.

For such reasons, the thermo-metallurgical model represents
an important tool in the optimization of heat-treating cycles and
in the development of new or modified ones. Even if
experimental tests and observations cannot be replaced by
simulations completely, modeling is an inexpensive and fast
technique for preliminary evaluation of different thermal cycles
in terms of the resulting mechanical properties. Moreover, an
optimized design of the alloy based on the thermo-metallurgical
modeling is also fundamental to minimize the environmental
impact in terms of emissions and energy consumption through
mass reduction. Furthermore, the thermo-metallurgical simula-
tion can be helpful to understand the causes of failures or better
investigate the unexpected occurrence of insufficient mechan-
ical properties.
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