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Abstract: This work conducted systematic studies on the
effect of B on the hot ductility behavior of Fe-36Ni alloy
over the temperature range of 900–1,200 °C by use of
Gleeble-3500 thermal simulator, Thermo-Calc software,
transmission electron microscopy and secondary ion
mass spectroscopy. The influencing factors and mechan-
isms are also discussed in the present work. Results show
that all the values of area reduction of the investigated
alloy samples are below 60% in the temperature range of
900–1,000 °C, indicating the poor hot ductility of the
investigated alloys in this temperature range. When the
grain boundary sliding occurs during the hot tensile pro-
cesses, the fine secondary phase particles at grain bound-
aries prevent the occurrence of dynamic recrystallization
and promote the nucleation and propagation of cracking
simultaneously, resulting in the poor hot ductility of the
investigated alloys in this temperature range. In the B
bearing alloy, the segregation of B atoms around auste-
nite grain boundaries promotes the solute dragging
effects at grain boundaries and strongly inhibits the
occurrence of dynamic recrystallization, which increases
the brittle temperature to 1,000 °C. When the temperature
exceeds 1,050 °C, the occurrence of dynamic recrystalli-
zation improves the hot ductility significantly. However,
the coarsening of recrystallized grains and the formation
of inter dendritic cracks decrease the hot ductility of the
alloy gradually when the temperature increases from
1,100 °C to 1,200 °C.
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Introduction

Fe-36Ni invar alloy is widely used in liquefied natural gas
containers owing to its uniquely low coefficient of ther-
mal expansion below the Curie point [1]. However, crack-
ing frequently occurs during the deformation of Fe-36Ni
alloy at high temperatures due to the poor hot ductility of
austenite [1–3]. Hence, it is necessary to study the hot
ductility behavior of Fe-36Ni alloy.

Many researchers [4, 5] reported that the hot ductility
of Fe-36Ni alloy is comprehensively influenced by the
segregation of elements around grain boundaries, distribu-
tion of secondary phase particles and dynamic recrystalli-
zation. The segregation of sulfur atoms to grain
boundaries deteriorates hot ductility of Fe-36Ni alloy,
since it decreases grain boundary cohesion and promotes
grain boundary sliding significantly [6]. Hence, the inhibi-
tion of segregation of sulfur atoms to grain boundaries
effectively improves the hot ductility of Fe-36Ni alloy.
Many previous researches reported that boron also tends
to segregate to grain boundaries. The diffusion coefficient
of boron is larger than that of sulfur [7], which effectively
inhibits the segregation of sulfur to grain boundaries.
However, the effect of boron on the mechanical properties
of steels at high temperatures is complex [8]. Many pre-
vious researches [9–11] reported that the addition of boron
in carbon steels improved the hot ductility in ferrite and
austenite temperature region and single austenite tem-
perature region simultaneously by the acceleration of
dynamic recrystallization and inhibition of ferrite transfor-
mation. However, the formation of fine Boron nitride (BN)
precipitates on grain boundaries strongly deteriorates the
hot ductility in the lower austenite temperature region [12].

Although many investigations have been conducted to
study the mechanisms of boron on hot ductility of steels,
there are few reports about the effect of boron on hot
ductility of Fe-36Ni alloy. Only Y. Yu [13] reported that
the addition of 0.01% boron improved the ductility of
Fe-36Ni alloy in the temperature range of 850–1,000 °C.
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The area reduction was above 80% and the fracture mode
was ductile. However, the Fe-36Ni alloy investigated by
Y. Yu contained 0.14% Mn and 0.002% S. It was reported
[14] that when the actual Mn:S ratio is higher than the
critical Mn:S ratio (Mn:S)c, the free sulfur is prevented to
segregate to grain boundaries due to the formation of MnS.
The formula for calculating the (Mn:S)c is as follows:

Mn :Sð Þc = 1.345 S−0.7934. (1)

The values of (Mn:S)c was 186.25 for alloys Y. Yu inves-
tigated, which was larger than the actual values of
(Mn:S), 70. Therefore, the Mn content in the investigated
alloys was not high enough to combine with all the free
sulfur atoms. The segregation of sulfur to grain bound-
aries was detrimental to the hot ductility. With addition
of 0.01% boron, the segregation of boron to grain bound-
aries inhibited the segregation of sulfur. Therefore, the
hot ductility was improved.

In this paper, the actual value of (Mn:S) in investi-
gated Fe-36Ni alloy is higher than the critical value. The
Mn fixes the free sulfur atoms. Under this condition, the
segregation behavior of boron and precipitation behavior
of boron containing particles around grain boundaries in
Fe-36Ni alloy have been studied. The present work aims
to study the effect of low boron content (0.0021%) on the
hot ductility of Fe-36Ni alloy. The relationships among
the boron segregation, precipitates, dynamic recrystalli-
zation and the hot ductility behavior of Fe-36Ni alloy
were also discussed.

Materials and methods

The 21 kg vacuum induction furnace was used to produce
the experimental Fe-36Ni alloys. The ingots were heated
to 1,200 °C and held for 2 h, and then they were forged
into bars with a diameter of 15mm. The steel bars were
air cooled to room temperature after forging. The chemi-
cal compositions of the experimental materials are shown
in Table 1. Cylindrical tensile specimens with a diameter
of 10mm and a length of 121.5mm were machined from
the as-wrought bars along their longitudinal direction.

The Gleeble-3500 thermal simulator testing machine
was used to conduct the hot tensile testing. The tempera-
ture range of tensile testing was from 900 °C to 1,200 °C
with an interval of 50 °C. During the whole testing pro-
cess, argon was used to prevent the samples from oxida-
tion. The thermal cycle of the hot ductility testing is
shown in Figure 1. Firstly, the samples were heated to
1,200 °C and held for 300 s with a heating rate of 10 °C s−1

to homogenize the microstructure. Then, the samples
were cooled to testing temperatures with a cooling rate
of 3 °C s−1 and held for 60 s to homogenize the tempera-
ture. Finally, the samples were strained until fracture
with a strain rate of 10–2 s−1. The fractured samples
were quenched with high-speed argon flow to protect
the fracture surface. In addition, some of the boron con-
taining Fe-36Ni alloy samples were heated to 1,200 °C
and held for 300 s. Then, they were cooled to 1,000 °C
and held for 60 s. Finally, the samples were strained until
the strain is 0.1 and quenched with high-speed argon
flow for analyzing the distribution of boron in alloys.
The reduction of area (RA%) was used to evaluate the
hot ductility of the experimental alloys.

Thermo-Calc software with database of TCFE3 was used to
calculate the equilibrium precipitation temperature and
chemical composition of secondary phase particles in the
experimental alloys. The fracture surfaces were observed
by use of scanning electron microscopy (SEM, FEI MLA-
250). The optical microscopy (OM, Leica DM4M) was used

Table 1: The chemical compositions of the investigated alloys (mass fraction/%).

Alloys C Si Mn S Al N B O Ni Fe

B . . . . . . – . . Bal.
B . . . . . . . . . Bal.

Figure 1: Thermal cycle of the hot ductility test.
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to investigate the microstructures and cracks near fracture.
The morphology, distribution and chemical composition of
precipitates on the carbon replica were analyzed by trans-
mission electron microscopy (TEM, Tecrai G2 F20 S-TWIN)
and energy dispersive spectrometer (EDS). Secondary ion
mass spectroscopy (SIMS; ION-TOF TOF, SIMS 5) was used
to analyze B distribution in the B containing alloys and the
scanning area is 300 μm×300 μm. The samples for OM
observation were etched with a mixed solution of 4 g
CuSO4·5H2O + 20 ml deionized H2O + 20 ml HCl to reveal
the microstructures. The carbon extraction replicas used
for TEM observation were prepared with plating a carbon
film on the sample surface which was etched with 4 g
CuSO4·5H2O + 20 ml deionized H2O + 20 ml HCl after
being mechanically polished. The sample of boron con-
taining alloy used for SIMS analysis was etched with 4 g
CuSO4·5H2O + 20 ml deionized H2O + 20 ml HCl to reveal
grain boundaries for investigating the boron segregation
on grain boundaries.

Results and discussion

Hot ductility behavior of experimental alloys

The hot ductility curves of experimental alloys are shown
in Figure 2(a). There is a great difference between the RA
% values for the experimental alloys at different tested
temperatures, indicating that temperature has a signifi-
cant effect on the variation of hot ductility behaviors. The
hot ductility behaviors of both experimental alloys are
similar in the temperature region of 900–1,200 °C. The
RA% values in the lower single austenite temperature
region are below 60% for both experimental alloys.
When the temperature increases above 1,050 °C, the hot
ductility improves significantly. Both the RA% values are
above 60% in the temperature region of 1,050–1,200 °C.
However, the RA% decreases slightly with increasing

temperature from 1,100 °C to 1,200 °C. In the temperature
region of 900–1,000 °C, the hot ductility of boron con-
taining alloy B1 is worse than that of boron free alloy B0.
In addition, the temperature of brittle fracture of boron
containing alloy B1 is 1,000 °C, which is higher than that
of boron free alloy B0. There are no obvious differences
in the hot ductility behaviors between the tested alloys
when the temperature between 1,050 °C and 1,200 °C,
indicating that boron has little effect on the hot ductility
of experimental alloys at high temperatures.

The strain–stress curves of the investigated alloys at
different temperatures are shown in Figure 2(b–c). In the
lower temperature region, the flow stress increases to
peak stress rapidly after deformation, and then it rapidly
decreases to zero which means the fracture occurs.
However, the flow stress increases to peak stress slowly
with increasing strain and then it decreases until
fracture when the temperature is above 1,050 °C. It is
obvious that the strain is larger when the temperature is
above 1,050 °C compared with that when the tempera-
ture is below 1,000 °C, which indicates that the hot
ductility in higher temperature region is better than
that in lower temperature region. The influencing factors
and mechanisms on hot ductility in the temperature
region of Zone I (above 1,050 °C) and Zone II (below
1,050 °C) will be discussed.

Analysis of hot ductility behavior in Zone II

The morphologies of fracture surfaces and microstructures
near fracture strained at 900 °C are shown in Figure 3.
There are no obvious necking phenomena for both experi-
mental alloys. The flat fracture surface indicating that the
fracture mode is intergranular. The intergranular fracture
occurs when the grain boundary cohesion is weak during
the deformation process at high temperatures. In addition,
there are some small dimples on intergranular fracture
surfaces, indicating that the particles on grain boundaries

Figure 2: The characteristic curves of the investigated alloys at different test temperatures: (a) reduction of area curves; (b) the stress–strain
curves of alloy B0; (c) the stress–strain curves of alloy B1.
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promoted the nucleation and propagation of micro-cracks
during grain boundary sliding, as shown in Figure 3(b)
and (e). Moreover, there are many W-type cracks propagat-
ing along the vertical direction of tensile stress between
grain boundaries, which indicates the occurrence of grain
boundaries sliding. All these fracture characteristics show
that the fracture mode in the temperature range of 900–
1,000 °C is a combination of intergranular decohesion and
intergranular micro-void coalescence. The microstructures
of the longitudinal sections near the fracture front of alloy
B0 and B1 specimens strained at 1,000 °C are shown in
Figure 4. There is a part of dynamic recrystallization has
happened at 1,000 °C for alloy B0, as shown in Figure 4(a).
However, there is no obvious dynamic recrystallization for
alloy B1, as shown in Figure 4(b). It indicates that the
addition of boron inhibits dynamic recrystallization at
1,000 °C. The occurrence of dynamic recrystallization
effectively inhibits the propagation of cracks and hence
improves the hot ductility of the investigated alloys.

The effect of secondary phase particles on hot ductility

The equilibrium phase diagrams of the experimental
alloys calculated using Thermo-Calc softer package are
shown in Figure 5. The oxide inclusions Al2O3 form in
liquid metal. However, MnS starts to precipitate from
austenite when the temperature decreases to 1,350 °C.
In boron bearing alloy B1, the BN particle precipitates
when the temperature decreases to 1,260 °C, as shown in
Figure 5(b).

Alloy B1 is selected to illustrate the effects of sec-
ondary phase particles on the hot ductility of the experi-
mental alloy. The morphologies and EDS analysis
results of precipitates in the boron bearing alloy B1
was shown in Figure 6, which was investigated using
TEM. There are mainly BN, MnS and (Al,Si)2O3 particles
in alloy B1, which is well consistent with the calculation
results. In boron bearing alloy B1, the precipitation tem-
perature of MnS and BN are 1,350 °C and 1,260 °C,

Figure 3: The fractures of the investigated alloys tested at 900 °C in Zone II: (a–c) The macrostructure, microstructure and longitudinal
microstructure of the fracture morphology of alloy B0; (d–f) the macrostructure, microstructure and longitudinal microstructure of the
fracture morphology of alloy B1.

Figure 4: The microstructure of the longitudinal sections near the fracture front of alloy B0 (a) and B1 (b) specimens strained at 1000 °C.
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respectively. Since the precipitation temperature of MnS
is higher than that of BN, the formation of MnS particles
contributes to the heterogeneous precipitation of BN
at lower temperatures, resulting in the formation of
BN-MnS complex particles. The precipitation of BN on
MnS particles, which precipitates on grain boundaries,
increases the amount of BN precipitating on grain
boundaries, therefore, the grain boundaries cohesion is
decreased.

The fine secondary phase particles on grain bound-
aries, which is obtained from the carbon replica near the
fracture front was shown in Figure 7. All these second-
ary phase particles are BN-MnS, BN-(Al,Si)2O3 complex
particles and MnS particles, indicating there are many
fine particles on the grain boundaries in the investigated
alloys.

The deformation mechanism of Fe-36Ni alloy in high
temperature region is grain boundary sliding [1]. The
occurrence of grain boundary sliding promotes the nuclea-
tion and propagation of micro-cracks, which deteriorates
hot ductility. On the other hand, the occurrence of
dynamic recrystallization improves hot ductility of Fe-
36Ni alloy significantly. In the experimental alloys, the
fine particles on grain boundaries effectively pin the
grain boundaries and inhibit the occurrence of dynamic
recrystallization. Besides, the fine particles act as nucleus
core of micro-cracks during grain boundary sliding and
promote cracks nucleation and propagation along grain
boundary, resulting in intergranular flat fracture surface
and poor hot ductility of the experimental alloys in Zone
II. As a consequence, the fine particles on the grain bound-
aries inhibit the occurrence of dynamic recrystallization

Figure 5: The formation of the secondary phase particles: (a) alloy B0 and (b) alloy B1.

Figure 6: The typical secondary phase particles in alloy B1: (a) The morphology of the secondary phase particles; (b–e) The EDS spectrums of
the secondary phase particles denoted by 1–4# in image (a), respectively.
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and promote the nucleation and propagation of intergra-
nular micro-cracks simultaneously, resulting in the poor
hot ductility in Zone II.

According to the Thermo-Calc calculation result in
Figure 5(b), the amount of BN precipitates increases
with decreasing temperature from 1,260 °C to 1,000 °C.
Therefore the influence of BN on hot ductility of alloy
B1 at 1,000 °C is great, because some BN particles pre-
cipitate at grain boundaries which inhibits dynamic
recrystallization and decreases grain boundaries cohe-
sion. The hot ductility at low temperatures of 900 °C
and 950 °C is bad for the two alloys, because there is no
occurrence of dynamic recrystallization. The hot ductility
of alloy B1 is worse than that of B0 at low temperature
due to the precipitation of BN.

The effect of element segregation to grain boundaries
on hot ductility

When the actual Mn:S ratio is higher than the critical Mn:
S ratio (Mn:S)c, the free sulfur is prevented to segregate
to grain boundaries since the formation of MnS. The
formula for calculating the (Mn:S)c is shown in eq. (1).
The values of (Mn:S)c are 131.55 and 131.54 for alloys B0

and B1, respectively. Both of these critical values are
smaller than the actual values of (Mn:S), which are
138.71 and 134.38 for alloys Bo and B1, respectively.
Therefore, the contents of Mn element in the investigated
alloys are high enough to combine with all the free S
elements, which decreases the detrimental effect of the
segregation of sulfur to grain boundaries on the hot
ductility. Therefore, the effect of segregation of free sulfur
element on hot ductility will not be discussed in the
present paper.

The distribution of boron in alloy B1 after the defor-
mation of the experimental alloy to a strain of 0.1 at the
temperature of 1,000 °C was investigated by SIMS, as
shown in Figure 8. It is obvious that boron segregates
to grain boundaries, as shown in Figure 8(b). However,
the concentration of nitrogen on grain boundaries is very
low, as shown in Figure 8(c). It is indicated that the
added boron elements in the investigated alloys mainly
segregated to grain boundaries in the form of free atoms
during the deformation process at high temperatures.

The large amount of boron atoms segregated to
grain boundaries has strong solute drag effect, which
retards the occurrence of dynamic recrystallization [15,
16]. In addition, the boron atoms segregated on grain
boundaries decreases grain boundary cohesion and

Figure 7: The characteristics of the grain boundaries and secondary phase particles obtained from the carbon replica of alloy B1 specimen
tested at 900 °C: (a) the low-magnification image of grain boundaries in the specimen; (b–d) the high-magnification images showing the
secondary phase particles on grain boundaries in regions A, B and C, respectively; (e–i) the EDS spectrums of secondary phase particles
denoted by 1–6#, respectively.

Y. Zheng et al.: Effects of B on the Hot Ductility 385



deteriorate the hot ductility of investigated alloys, which
is similar to the effect of sulfur and phosphorus on hot
ductility in the other alloys [17]. The segregation of
boron atoms and precipitation of BN have a great effect
on the hot ductility at 1,000 °C. According to Thermo-
Calc calculation result, the amount of BN precipitates
increases with decreasing temperature from 1,260 °C to
1,000 °C. The segregation of boron at grain boundaries
inhibits dynamic recrystallization effectively at 1,000 °C
for alloy B1. Therefore, the hot ductility of boron con-
taining alloy B1 is worse than that of alloy B0 in tem-
perature region of Zone II and the temperature of brittle
fracture increases up to 1,000 °C.

Analysis of hot ductility behavior of Zone I

There are no obvious differences between the investi-
gated alloys at high temperatures. Boron has little effect

on the hot ductility of Fe-36Ni alloy in the temperature
region Zone I. The morphologies of microstructures near
fracture surface are shown in Figure 9. All the investi-
gated specimens show obvious necking phenomenon in
this tested temperature range, indicating all the speci-
mens experience a large plastic deformation before frac-
ture. When the temperature increases to 1,100 °C, there
are many fine grains near fracture surface indicating the
occurrence of dynamic recrystallization. The increasing
deformation temperature effectively decreases the acti-
vation energy of dynamic recrystallization, which pro-
motes the migration of grain boundaries. When the
driving force for grain boundaries migration is larger
than the pinning effect of fine particles and the solute
drag effect of boron segregation on grain boundaries,
the dynamic recrystallization occurs [18]. The occur-
rence of dynamic recrystallization effectively inhibits
the propagation of cracks and hence improves the hot
ductility of investigated alloys.

Figure 8: The distribution of the elements in the deformation area of alloy B1 at 1000 °C investigated by the SIMS: (a) the microstructure
of the deformation area, (b) the distribution of the B atoms and (c) the distribution of the N atoms.

Figure 9: The macrostructure and microstructure of the longitudinal sections near the fracture front of alloy B1 specimens strained
at different temperatures: (a, d) 1100 °C; (b, e) 1150 °C; (c, f) 1200 °C.
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As shown in Figure 9, the size of the recrystallized grain
increases with increasing deformation temperature. Mintz
[19] reported that the hot ductility of materials was signifi-
cantly affected by grain sizes. The stress is prone to con-
centrate on large grains during the grain boundary sliding,
which promotes the nucleation and propagation of cracks.
Normally, fine grains hinder the propagation of cracks
effectively, which is beneficial for improving hot ductility
[12, 20, 21]. There is a little rotation of small size grains
during deformation at higher temperatures, which reduces
stress concentration on grain boundaries and inhibits the
nucleation and propagation of cracks. Besides, fine grains
mean there are more trigeminal grain boundaries, which
effectively prevent cracks propagation. Therefore, the hot
ductility of experimental alloys decreases with increasing
temperature at high temperatures.

The morphologies of fracture surface are shown in
Figure 10. There are many large and deep dimples on the
fracture surface when the temperature is 1,100 °C. However,
the fracture surface is flat and melted with the increasing
temperature. When the temperature is 1,200 °C, there are
many cracks between dendrites, as shown in Figure 10(f).
The segregation of impurity elements such as sulfur to
dendrite boundaries at high temperature reduces cohesion
between dendrites and promotes the nucleation of cracks.

As a consequence, the occurrence of dynamic recrystal-
lization improves the hot ductility of the investigated alloys
significantly in the temperature Zone I. However, the coar-
sening of the dynamic recrystallization grains and the for-
mation of intergranular cracks decreases the hot ductility of
the alloys, resulting in gradual decrease of RA% in the
temperature Zone I with the increasing temperature.

Conclusions

(1) In temperature region of 900–1,000 °C Zone II, the
fine secondary phase particles such as BN and MnS
effectively pin the grain boundaries and inhibit the
occurrence of dynamic recrystallization, which dete-
riorates the hot ductility of the investigated alloys. In
addition, the fine particles on grain boundaries pro-
mote the nucleation and propagation of cracks.
Therefore, both of the investigated alloys show
poor hot ductility in Zone II.

(2) In the boron bearing alloy B1, the segregation of boron
atoms has strong solute drag effect on the grain
boundaries, which significantly inhibits the occur-
rence of dynamic recrystallization. Moreover, the seg-
regation of boron on grain boundaries also impairs the
grain boundaries cohesion. Therefore, the hot ductility
of alloy B1 is worse than that of alloy B0 in the tem-
perature range of 900–1,000 °C Zone II.

(3) The hot ductility of experimental alloys in tempera-
ture region of Zone I is much better than that in
Zone II due to the occurrence of dynamic recrystal-
lization. However, the larger grain sizes and initia-
tion of cracks between dendrites deteriorate the hot
ductility with increasing temperature.
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Figure 10: The macrostructure and microstructure of the fracture morphologies of alloy B1 specimens strained at different temperatures:
(a, d) 1100 °C; (b, e) 1150 °C; (c, f) 1200 °C.
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