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Abstract: A novel corrosion-resistant steel with high boron content is investigated in this paper.
Three stages during crystallisation of the steel are revealed. The positive influence of Zr addition on
the microstructure and mechanical properties after hot deformation is shown. The Zr-alloyed steel
demonstrates hot deformation without fracturing in the temperature range of 1273–1423 K, and in
the strain rate range of 0.1–10 s−1, despite the high volume of brittle borides. The processes of ferrite
recrystallisation and boride structure fragmentation occur during hot deformation, promoting the
appearance of a peak on stress–strain curves.
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1. Introduction

Stainless steels with high boron content (more than 1.2 wt. %) are important materials for the
production of spent nuclear fuel storage due to the high neutron-absorbing capacity of boron [1,2].
Conversion of the nuclear power plants to more enriched fuel requires improved neutron-absorbing
capacity of the materials. As a result, new high-boron steels with a boron concentration more than 3 wt.
% are required to guarantee the safety and efficiency of spent nuclear fuel storage. This type of material
is also very attractive for application as a high-speed steel, due to a high degree of hardness and good
wear resistance of the borides [3,4]. However, the low technological plasticity of high-boron steels
limits their applications because of the high costs of their production. In this case, the preliminary
investigation of the microstructure and deformation behaviour of hard deformable steels is required to
develop improved industrial technologies. In most cases, the deformation behaviour is investigated by
mechanical tests using thermomechanical simulators, followed by the development of constitutive
models [5–7] and processing maps [8,9], which are the power instruments for finding the optimal
deformation conditions. Besides, the addition of the steel by the borides forming elements such as Ti
and Zr may have a positive influence on the microstructure. Titanium forms TiB2 phase which contains
1.40 g/cm3 of boron in comparison with ≈0.68 g/cm3 for (Cr,Fe)2B. It decreases the amount of brittle
phases in a high-boron steel microstructure [10,11]. He et al. showed that Ti improves the strength
and plasticity of the binary Fe–B alloys after hot deformation [12,13]. The purpose of our work is to
investigate the microstructure and hot deformation behaviour of a novel Zr-alloyed stainless steel with
high boron content.

2. Materials and Methods

An alloy with the nominal composition of Fe–16Cr–4Ti–6Zr–3.2B (wt %) was produced by arc
melting of pure Fe, Cr, Ti and Zr metals and Fe-17 wt. % B master alloy in an argon atmosphere.
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After remelting had been undertaken four times, the samples were produced by casting into a copper
mould with a diameter of 12.7 mm. Investigation of the alloy microstructure was performed by
scanning electron microscopy (SEM) and by X-ray diffraction (XRD). The mean size of the particles
was measured by a linear intercept method. For each sample, 3–5 different 50 × 40 µm2 regions
were analyzed. Compression tests were performed using a Gleeble 3800 thermomechanical simulator.
The specimens for the compression tests, with a diameter of 10 mm and a height of 15 mm, were heated
to the deformation temperature (1273–1423 K) and compressed to one true strain at 0.1, 1 and 10 s−1

constant true strain rates. Compression tests at room temperature were carried out on cylindrical
specimens (6 mm in height and 4 mm in diameter) cut from the hot compressed samples. Melting and
solidification temperatures of the alloy were measured by differential thermal analysis (DTA) at the
heating and cooling rate of 0.33 K/s. Accelerated corrosion test [14] was applied to the investigated
steel and for comparison to the industrial steel Fe–14Cr–5Ti–0.3V–1.8B (ChS-82) which is most common
for production of spent nuclear fuel storage. The samples with the size of 12.7 mm in diameter and
1 mm in width were held 5 and 24 h in the 10% FeCl3·6H2O water solution. After the holding, the mass
loss rate was calculated according to the formula:

Vm =
∆m
St

(1)

where ∆m is a lost mass, g; S is specimen area, m2; t is time of the corrosion test, hours.

3. Results and Discussion

As shown in Figure 1, the microstructure of as-cast steel consists of α(Fe) solid solution and three
types of borides: black particles of TiB2, grey eutectic colonies of (Cr,Fe)2B and white particles of ZrB2.
Usually, the structure of Ti-doped steel with a high boron concentration contains large TiB2 particles
with an irregular shape [15]. Zr addition strictly decreases the volume fraction of these particles.
As one can see in Figure 1a, few large TiB2 particles are present in the microstructure. Zr also has a
positive influence on the size of the α(Fe)–(Cr,Fe)2B eutectic colonies due to a modifying effect [16].
The average size of the borides is presented in Table 1.
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Figure 1. As-cast microstructure (SEM) of the investigated steel (a) and XRD pattern (b). 

Table 1. The size of the borides in the as-cast state and after hot deformation (HD). 

State 
Average Size of the Particles, μm 

TiB2 (Cr,Fe)2B ZrB2 

As-cast 3 ± 1 0.7 ± 0.2 2 ± 0.6 

HD 1373 K, 1 s−1 2 ± 0.5 0.5 ± 0.1 1.8 ± 0.6 

HD 1373 K, 10 s−1 1.5 ± 0.5 0.4 ± 0.1 1.4 ± 0.4 

HD 1423 K, 1 s−1 1.2 ± 0.3 0.5 ± 0.1 1 ± 0.3 

HD 1423 K, 10 s−1 1.1 ± 0.3 0.6 ± 0.1 1 ± 0.2 

Figure 1. As-cast microstructure (SEM) of the investigated steel (a) and XRD pattern (b).

Table 1. The size of the borides in the as-cast state and after hot deformation (HD).

State
Average Size of the Particles, µm

TiB2 (Cr,Fe)2B ZrB2

As-cast 3 ± 1 0.7 ± 0.2 2 ± 0.6

HD 1373 K, 1 s−1 2 ± 0.5 0.5 ± 0.1 1.8 ± 0.6

HD 1373 K, 10 s−1 1.5 ± 0.5 0.4 ± 0.1 1.4 ± 0.4

HD 1423 K, 1 s−1 1.2 ± 0.3 0.5 ± 0.1 1 ± 0.3

HD 1423 K, 10 s−1 1.1 ± 0.3 0.6 ± 0.1 1 ± 0.2
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As can be seen in Figure 2a, the liquidus and solidus temperatures of the steel are 1530 K and
1490 K, respectively. The exothermal crystallisation peak may be separated into three peaks (Figure 2b).
Each of the peaks corresponds to a different crystallisation reaction. The high temperature peak
corresponds to the reaction of the crystallisation of ZrB2 + α(Fe) from the liquid phase, which can be
proven by the absence of the high temperature peak in the DTA curve of the alloy without Zr [17].
The reaction L→ TiB2 + α(Fe) leads to the exothermic effect seen in the second peak. The last peak
corresponds to the eutectic crystallisation of ((Cr,Fe)2B + α(Fe)).

Metals 2019, 9, x FOR PEER REVIEW 3 of 8 

 

As can be seen in Figure 2a, the liquidus and solidus temperatures of the steel are 1530 K and 

1490 K, respectively. The exothermal crystallisation peak may be separated into three peaks (Figure 

2b). Each of the peaks corresponds to a different crystallisation reaction. The high temperature peak 

corresponds to the reaction of the crystallisation of ZrB2 + α(Fe) from the liquid phase, which can be 

proven by the absence of the high temperature peak in the DTA curve of the alloy without Zr [17]. 

The reaction L → TiB2 + α(Fe) leads to the exothermic effect seen in the second peak. The last peak 

corresponds to the eutectic crystallisation of ((Cr,Fe)2B + α(Fe)). 

  

Figure 2. DTA curves (a) and crystallisation peak analysis (b) of the investigated alloy. 

The maximal deformation temperature of the alloy of 1423 K was chosen according to the DTA 

to prevent the melting of the sample during the compression test from adiabatic heating. As one can 

see in Figure 3, the hot compression of the Fe–16Cr–4Ti–6Zr–3.2B steel proceeds without fractures in 

the temperature range of 1273–1423 K, and in the strain rate range of 0.1–10 s−1. As shown in Figure 

4, the stress is increased with the increase of the strain rate and decrease of the deformation 

temperature. True stress achieves its maximal value at low strains during compression for all 

temperatures and strain rates. It is known [18,19] that peak strain (εp) can be expressed as a power-

law function of the Zener–Hollomon parameter Z = ε̇exp (
𝑄

R𝑇
) [20] as given by: 

εP = 𝐴𝑍m = 𝐴 [ε̇ex p (
Q

R𝑇
)]𝑚 (2) 

where ε̇ is a strain rate, s−1; T is a temperature, K; R is a universal gas constant, A; m and Q are the 

constants determined by least squares method using experimental data and linearized Equation (2): 

lnεP = ln𝐴 + 𝑚lnε +
𝑚𝑄

R𝑇

̇
 (3) 

So, the εp can be calculated by the follow equation: 

εP = 0.001𝑍0.22 = 0.001 [ε̇ex p (
3,4900

R𝑇
)]0.22 (R2 = 0.81), (4) 

where ε̇ is the strain rate (s−1) and T is the deformation temperature (K). After reaching the peak 

strain rate, the processes of fragmentation of the boride colonies and the dynamic recrystallisation 

begins (Figure 5), leading to a significant decrease in the true stress (Figure 4). The steady state 

deformation proceeds after 0.5–0.6 of true stress, depending on the temperature and the strain rate. 

As shown in Figure 5 and Table 1, the size of the ZrB2 and TiB2 borides is decreased after hot 

deformation has occurred. An increase of the deformation temperature decreases the size of these 

particles. Contrariwise, the size of the (Cr,Fe)2B is not decreased during the deformation due to the 

initial small size of the eutectic colonies. As shown in Figure 6b,c, the microstructure of the steel after 

hot deformation at the temperature of 1373 K and at the strain rate 1 s−1 and at the temperature of 

1423 K and at the strain rate 10 s−1  consists mainly of small recrystallised grains, whereas in the phase 

composition of the steel did not change significantly after the hot compression (Figure 6c). 

Figure 2. DTA curves (a) and crystallisation peak analysis (b) of the investigated alloy.

The maximal deformation temperature of the alloy of 1423 K was chosen according to the DTA to
prevent the melting of the sample during the compression test from adiabatic heating. As one can see
in Figure 3, the hot compression of the Fe–16Cr–4Ti–6Zr–3.2B steel proceeds without fractures in the
temperature range of 1273–1423 K, and in the strain rate range of 0.1–10 s−1. As shown in Figure 4,
the stress is increased with the increase of the strain rate and decrease of the deformation temperature.
True stress achieves its maximal value at low strains during compression for all temperatures and
strain rates. It is known [18,19] that peak strain (εp) can be expressed as a power-law function of the
Zener–Hollomon parameter Z =

.
ε exp ( Q

RT ) [20] as given by:

εP = AZm = A[
.
ε exp

(
Q

RT

)
]
m

(2)

where
.
ε is a strain rate, s−1; T is a temperature, K; R is a universal gas constant, A; m and Q are the

constants determined by least squares method using experimental data and linearized Equation (2):

ln εP = ln A + m ln

.

ε+
mQ
RT

(3)

So, the εp can be calculated by the follow equation:

εP = 0.001Z0.22 = 0.001[
.
ε exp

(
3, 4900

RT

)
]
0.22

(R2 = 0.81), (4)

where
.
ε is the strain rate (s−1) and T is the deformation temperature (K). After reaching the peak

strain rate, the processes of fragmentation of the boride colonies and the dynamic recrystallisation
begins (Figure 5), leading to a significant decrease in the true stress (Figure 4). The steady state
deformation proceeds after 0.5–0.6 of true stress, depending on the temperature and the strain rate.
As shown in Figure 5 and Table 1, the size of the ZrB2 and TiB2 borides is decreased after hot
deformation has occurred. An increase of the deformation temperature decreases the size of these
particles. Contrariwise, the size of the (Cr,Fe)2B is not decreased during the deformation due to the
initial small size of the eutectic colonies. As shown in Figure 6b,c, the microstructure of the steel after
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hot deformation at the temperature of 1373 K and at the strain rate 1 s−1 and at the temperature of
1423 K and at the strain rate 10 s−1 consists mainly of small recrystallised grains, whereas in the phase
composition of the steel did not change significantly after the hot compression (Figure 6c).Metals 2019, 9, x FOR PEER REVIEW 4 of 8 
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Figure 6. EBSD maps of the steel after hot compression at the temperature of 1373 K and at the strain
rate 1 s−1 (a), at the temperature of 1423 K and at the strain rate 10 s−1 (b) and XRD patterns of the
steel after deformation (c).

Room temperature compression stress–strain curves of the investigated steel after hot deformation
are presented in Figure 7. Steel demonstrates a high degree of strength and good plasticity after hot
deformation at temperatures in the range of 1273–1423 K, and at strain rates in the range of 1–10 s−1.
The decrease of the strain rate to 0.1 s−1 decreases the yield stress of the steel on 50–150 MPa in
comparison with higher strain rates.
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The images of the specimens before and after corrosion test are shown in Figure 8. As one can
see, the Fe–16Cr–4Ti–6Zr–3.2B steel is more resistive to aggressive Cl–-contained environment than
Fe–14Cr–5Ti–0.3V–1.8B steel due to a higher concentration of the alloying elements such as Cr, Ti and
Zr. The mass loss rate for the investigated steel is 25 g/(m2·h). It is more than twice smaller than the
mass loss rate for Fe–14Cr–5Ti–0.3V–1.8B steel with Vm = 57 g/(m2·h).
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The fine microstructure, good mechanical properties, satisfactory corrosion resistance and
possibilities for applications of hot plastic deformation without fractures despite the presence of
a large volume of brittle borides make the investigated alloy attractive as a high-speed steel and to the
nuclear industry.

4. Conclusions

1. The phases of α(Fe), ZrB2, TiB2 and (Cr,Fe)2B are formed in the microstructure during three-stage
crystallisation of the Fe–16Cr–4Ti–6Zr–3.2B steel.

2. The hot compression of the Fe–16Cr–4Ti–6Zr–3.2B steel proceeds without fractures in the
temperature range of 1273–1423 K and in the strain rate range of 0.1–10 s−1. Hot deformation leads
to fragmentising of the eutectic structure and a decrease in the size of the ZrB2 and TiB2 particles.

3. True stress–true strain curves show nonmonotonic behaviour with the achievement of peak stress,
followed by boride fragmentation and α(Fe) dynamic recrystallisation processes. The peak strain
value depends on the Zener–Hollomon parameter by power low:

εP = 0.001Z0.22.

4. The investigated alloy possesses a high yield strength of 825–840 MPa, and good plasticity of
0.16–0.2, after hot deformation in the range of 1373–1423 K.

5. Corrosion resistance of the novel Zr-alloyed high-boron steel in the aggressive Cl–-contained
environment is better than corrosion resistance of the industrial Fe–14Cr–5Ti–0.3V–1.8B steel,
which is currently most common for production of spent nuclear fuel storage.
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