
Materials Science & Engineering A 803 (2021) 140498

Available online 9 November 2020
0921-5093/© 2020 Elsevier B.V. All rights reserved.

Ultra-high tensile strength via precipitates and enhanced martensite 
transformation in a FeNiAlC alloy 

Yan Ma a,b, Lingling Zhou a, Muxin Yang a, Fuping Yuan a,b,*, Xiaolei Wu a,b 

a State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences, No. 15 West Road, North 4th Ring, Beijing, 100190, China 
b School of Engineering Science, University of Chinese Academy of Sciences, No. 19(A) Yuquan Road, Beijing, 100049, China   

A R T I C L E  I N F O   

Keywords: 
Strain hardening 
Transformation-induced plasticity 
Heterogeneous structures 
Precipitates 
Twins 

A B S T R A C T   

Aging and quenching at critical temperatures were applied to a hot-rolled (HR) Fe-24.86Ni-5.8Al-0.38C (mass%) 
dual-phase alloy to obtain B2 precipitates with various volume fractions and sizes. Higher yield strength and 
stronger strain hardening were achieved in the aged samples compared to these for the HR sample, and the 
corresponding deformation mechanisms were carefully revealed. The aged samples show stronger hetero- 
deformation induced hardening compared to that for the HR sample. The amount of phase transformation 
during tensile tests is much higher for the aged sample compared to that for the HR sample due to the reduced 
stability of the austenite phase, which can be attributed to the high local stress level induced by undeformable 
and hard B2 precipitates around the austenite grains and reduction of nickel and aluminum in the austenite phase 
by diffusion from the austenite phase to the B2 precipitates during aging. Deformation-induced lath martensite 
with high dislocation density can be observed after tensile deformation, and these transformation-induced dis-
locations should have great impact on the strain hardening. Moreover, the density of twins becomes much higher 
for the martensite grains after tensile deformation, and these deformation-induced nanotwins should contribute 
significantly to the strain hardening, as the dynamic Hall-Petch effect.   

1. Introduction 

High strength in metals and alloys has always been desirable for 
structural applications [1,2]. However, high strength generally is 
accompanied by a low rate of strain hardening and limited ductility [3, 
4]. In the past decades, several strategies have been developed to ach-
ieve both high strength and good ductility in metals and alloys, such as 
twinning-induced plasticity (TWIP) steels [5,6], transformation-induced 
plasticity (TRIP) steels [7,8], nanotwinned metals [9,10], heterogeneous 
gradient [11,12]/multimodal [13–15]/lamella structures [16–19], 
nano-precipitates [20,21]. Among them, TWIP and TRIP steels have 
been widely used in the automobile industries, in which the yield 
strength, the ultimate strength and the strain hardening ability are the 
most important parameters of design for light weight and safety 
improvement [5,7]. While these parameters are mutually exclusive in 
general, i.e., higher yield strength usually results in lower strain hard-
ening [22,23]. 

In the metals and alloys with TRIP effect, the strain hardening and 
the ductility can be much enhanced by the displacive phase trans-
formation upon plastic deformation [24,25]. The stress/strain 

partitioning between the pre-existing phases and the new produced hard 
phase can build the back stress hardening and the accumulation of 
geometrically necessary dislocations (GNDs) at the phase interfaces [26, 
27]. The deformation-induced transformation behaviors are generally 
influenced by the thermodynamic stability of the austenite phase, which 
in turn is directly related to the initial grain size of the austenite phase, 
the initial phase fractions, elemental partitioning and the stress/strain 
partitioning between different phases during the tensile deformation 
[25–27]. Previous studies have shown that simultaneous improvement 
of yield strength and strain hardening could be achieved by varying 
grain sizes and initial phase fractions [25,28,29]. 

The deformation-induced transformation behaviors and deformation 
twins were generally found to be related to the stress levels around the 
austenite grains, which could be regulated by temperature and strain 
rate [30–32]. Moreover, deformation twins and TRIP effect can also be 
enhanced through raising the local stress levels by introducing inter-
metallic precipitates around the austenite grains [33–36], resulting in 
stronger strain hardening and better tensile ductility. In this regard, 
aging and quenching at critical temperatures were applied to a 
hot-rolled (HR) FeNiAlC alloy to obtain B2 intermetallic precipitates 
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with various volume fractions and various sizes for achieving larger 
yield strength and stronger strain hardening. The corresponding defor-
mation mechanisms for this FeNiAlC alloy reinforced with B2 interme-
tallic precipitates were carefully revealed by load-unload-reload (LUR) 
tests, X-ray diffraction (XRD) measurements, electron backscattered 
diffraction (EBSD), and transmission electron microscopy (TEM). 

2. Materials and experimental procedures 

The Fe-24.86Ni-5.8Al-0.38C (mass%) alloys were prepared by arc- 
melting pure elements in an argon atmosphere and subsequently cast 
into an iron mold. The mechanical properties for this alloy with severe 
plastic deformation condition have been investigated previously 
[37–39]. The as-cast ingots were first hot-forged at 950 ◦C with the final 
dimensions of 10 × 10 × 50 mm3. Then the resulting plates were 
solution-treated at 1100 ◦C for 4 h and followed by hot-rolling (HR) with 
a total thickness reduction of ~60% at 950 ◦C. The final sheets were 
aged at 550 ◦C, 650 ◦C and 750 ◦C for 1 h (marked as 550, 650, and 750). 
The sheet without aging treatment was marked as HR. All heat treat-
ments were finished by water quenching (WQ). 

The mechanical properties were evaluated by tensile testing using 
MTS 793 machine at an engineering strain rate of 5 × 10− 4 s− 1. Dog- 
bone-shaped tensile specimens were fabricated by electro-discharge 
machining with a gauge section of 4 × 1 mm2 and 15 mm in length. 
In order to verify reproducibility of the data, more than three tensile 
specimens were tested for each sample. Load-unload-reload (LUR) tests 
were performed to investigate the back stress hardening and the back 

stress was obtained by the method in the previous research [40,41]. 
Volume fractions of various phases were estimated by XRD (Rigaku 

Smart Lab 9) with Cu Kα radiation (λ = 1.5406 Å) at 35 kV. The Ni-Kβ 
filter was used to absorb most Kβ X-rays for more accurate diffractogram 
analysis. The volume fraction of austenite phase, Vγ, was calculated 
using the equation, Vγ =

1.4Iγ
1.4Iγ+Iα

, where Iγ and Iα are the direct integrated 
intensities of the (220)γ, (311)γ, and (211)α diffraction peaks in the 
2θ− range [42]. Microstructure characterizations were carried out using 
SEM (JEOL JSM-7001F) and TEM (JEOL JEM-2100F). The TEM thin 
foils were cut from the gauge sections of the tensile specimens, me-
chanically thinned to a thickness of ~50 μm, and finally etched by a 
twin-jet electro-polishing using a solution of 5% perchloric acid and 
95% ethanol at − 25 ◦C. EBSD characterizations were analyzed using the 
TSL OIM data-collection software. The EBSD images were used to 
distinguish the B2 precipitates from the BCC phase (α′ martensite). The 
Schmid factor of B2 intermetallic precipitates was calculated with the 
BCC slip systems of {110}<111>, and the applied load direction parallel 
to the horizontal line of the plane. The kernel average misorientation 
(KAM) values were calculated to evaluate the intragranular dislocation 
density. The grain boundaries (GBs) with the misorientation angle larger 
than 15◦ were defined as high angle grain boundaries (HAGBs), and GBs 
with the misorientation angle between 5 and 15◦ were defined as low 
angle grain boundaries (LAGBs). The other details about the micro-
structure characterization, the X-ray diffraction (XRD) measurements 
and the mechanical tests can be found in our recent work [37]. 

Fig. 1. EBSD phase images with GBs of initial microstructures: (a) for the HR sample; (b) for the aged sample at 550 ◦C; (c) for the aged sample at 650 ◦C; (d) for the 
aged sample at 750 ◦C. 
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Fig. 2. TEM images of initial microstructures for the sample aged at 550 ◦C. (a) The shape, size and distribution of the B2 precipitates. (b) A close-up view of bright- 
field TEM image showing austenite, martensite and B2 grains. (c) SAD pattern showing superlattice structure for B2 precipitates. (d) A martensite grain with high 
density of twins adjacent to a B2 precipitate. (e) The close-up view for the rectangle area in (d). (f) and (g) High resolution TEM images showing the details of twins in 
the martensite phase. (h) SAD pattern showing the twin relationship in the martensite grains. 

Fig. 3. (a) The estimated average grain sizes of austenite grains, martensite grains and B2 precipitates for various samples. (b) The volume fractions of austenite 
phase, martensite phase and B2 precipitate for various samples. 
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3. Results and discussions 

The initial microstructures prior to tensile loading for various sam-
ples are shown in Figs. 1 and 2. The EBSD phase images with grain 
boundaries (GBs) for various samples are displayed in Fig. 1a–d. In 
Fig. 1a–d, 

∑
3 twin boundaries (TBs), LAGBs and HAGBs are displayed 

with red, blue and black lines. The austenite (γ phase) grains and the 
martensite (α′ phase) grains are indicated by light green and white 
colors, while the B2 intermetallic precipitates are colored based on the 
magnitude of Schmid factor (the scale bar is shown in Fig. 1a) in 
Fig. 1a–d. As indicated, all samples show a dual-phase microstructure 
reinforced by B2 intermetallic precipitates, hereon referred as “triplex 
microstructure”. In the HR sample, lots of LAGBs can be observed and 
most of these LAGBs are found to turn into HAGBs after aging and WQ. 
Numerous 

∑
3 TBs can also be observed in the austenite grains of the HR 

sample, and the density of 
∑

3 TBs is observed to decrease with 
increasing aging temperature in the aged and WQ samples. In all sam-
ples, the magnitude of Schmid factor of B2 intermetallic precipitates is 
close to 0.5, which indicates that these B2 intermetallic precipitates with 
high Schmid factors are hard and nearly undeformable. 

The TEM images for the typical aged sample at 550 ◦C are shown in 
Fig. 2. The shape, size and distribution of the B2 intermetallic pre-
cipitates are shown in the bright-field TEM image of Fig. 2a, in which the 
precipitates show brighter diffracting contrast. As indicated, the size of 
precipitates is at 1–2 μm or submicron level, and these precipitates are 
observed to distribute evenly among the austenite matrix. A close-up 
view of bright-field TEM image showing austenite, martensite and B2 
grains is given in Fig. 2b, in which the insets of selected area diffraction 
(SAD) identify the γ phase and the α′ phase. While, the SAD showing the 

B2 precipitates is displayed in Fig. 2c. The B2 phase can be confirmed by 
the (001)B2 superlattice reflection seen in the [011] B2 zone axis 
microdiffraction pattern (Fig. 2c). Previous study [33] has shown that Ni 
and Al elements are segregated in the B2 precipitates. Lath martensite 
and B2 particles are observed to nucleate inside the austenite grains. 
Lots of twins are also observed in the martensite grains, as shown in 
Fig. 2d and the corresponding close-up view in Fig. 2e. These twins are 
formed due to the high local stress induced by the volume expansion 
during the WQ-induced martensite transformation. The high-resolution 
TEM images showing the details of twins are displayed in Fig. 2f and g. 
These twins are found to have about 10 atom-layer thickness, and the 
twin plane is identified as (211). The TEM images were recorded by 
orienting the martensite grains close to their [011] zone axis, so that the 
twins of martensite grains are easy to identified (the SAD showing the 
twin relationship in the martensite grains is given in Fig. 2h). The high 
density of twins in martensite grains with nanoscale size should have 
strong influence on the strengthening and strain hardening for the 
microstructures. 

The estimated average grain sizes of austenite grains, martensite 
grains and B2 precipitates for the HR sample and the aged samples are 
shown in Fig. 3a, while the volume fractions for these three phases for 
various samples are displayed in Fig. 3b. It is shown that the average 
grain size of austenite grains for the aged sample at 550 ◦C is slightly 
larger than that for the HR sample, which is due to the grain coarsening 
of recovery during annealing since there is no obvious phase trans-
formation from austenite phase to martensite phase during WQ. While, 
the average grain sizes of austenite grains for the aged samples at 650 
and 750 ◦C are observed to become much smaller compared to that for 
the HR sample, which is due to the significant phase transformation 

Fig. 4. The tensile properties for various samples. (a) The engineering stress-strain curves for various samples. (b) The true stress and hardening rate (θ) as a function 
of true strain for various samples. (c) The yield strength, the strain hardening exponent (n) and Δσ for various samples. (d) The ratio between the ultimate strength 
and the yield strength as a function of the ultimate strength for the data from the present samples, along with the data from the other engineering metals and alloys. 
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from austenite phase to martensite phase during WQ and the nucleation 
of martensite grains inside the austenite grains. The transformed 
martensite grains during WQ are lath like, and the width of formed lath 
martensite grains is very small. Thus, the average grain sizes of 
martensite grains for all aged samples are smaller than that for the HR 
sample, and decrease with increasing aging temperature due to the 
increased volume fraction of the small size lath martensite during WQ. 
The average grain size and the volume fraction of the B2 precipitates for 
all aged samples are found to be larger than those for the HR sample, and 
both increase with increasing aging temperature. The volume fraction of 
martensite phase for the aged sample at 550 ◦C is almost the same as that 
for the HR sample since there is no obvious martensite transformation 
during WQ at this temperature, while the volume fraction of martensite 
phase increases significantly at larger aging temperature due to the 
obvious martensite transformation during WQ. The volume fraction of 
the austenite phase was observed to be much reduced for the aged 
samples and decrease with increasing aging temperature, which is due to 
the martensite transformation during WQ and the formation of B2 pre-
cipitates inside the austenite grains during aging. 

The tensile properties for various samples are shown in Fig. 4. The 
engineering stress-strain curves are displayed in Fig. 4a, in which the 
yield points and the ultimate strength (UTS) points are marked by circles 
and squares, respectively. It is interesting to note that both the yield 
strength and the strain hardening ability (the difference between the 
UTS and the yield strength, Δσ = σUTS − σy, can be considered as an 
indicator of the strain hardening ability) were observed to be elevated 

after aging and WQ treatment compared to those for the HR sample. 
Especially for the sample aged at 550 ◦C, yield strength and ultimate 
tensile strength are simultaneously improved without sacrificing tensile 
ductility compared to those for the HR sample. The true stress and 
hardening rate (θ) are plotted as a function of true strain for various 
samples in Fig. 4b. It is indicated that the strain hardening rate is much 
enhanced after aging and WQ treatment, and the aged sample at 550 ◦C 
shows the highest hardening rate. The well-known Ludwik’s equation, 
σ = σ0 + Kεn (where σ0 is the yield stress, K is the strength coefficient, n 
is the strain hardening exponent) can be used to fit the true stress-strain 
curves for our samples to obtain the strain hardening exponent, which is 
another indicator of strain hardening ability. Thus, the yield strength, 
the strain hardening exponent and Δσ are plotted as a function of aging 
temperature in Fig. 4c. As indicated in Fig. 4c, the yield strength and Δσ 
are both improved after aging and WQ treatment, and they both increase 
with increasing aging temperature. It also can be seen that the strain 
hardening exponent (n) is improved after aging and WQ treatment, and 
the aged sample at 550 ◦C has the highest n. Moreover, the ratio between 
the ultimate strength and the yield strength is plotted as a function of the 
ultimate strength for the data from the present samples in Fig. 4d, along 
with the data from the other engineering metals and alloys, such as D&P 
steel [43], TRIP steel [26,27,44–46], TWIP steel [47,48], TRIP-high 
entropy alloy [24], austenite stainless steel [49], bainitic steel [50] 
and maraging steel [51]. This plot indicates that the present alloy with 
triplex microstructures has superior strain hardening ability along with 
high ultimate tensile strength, and the corresponding deformation 

Fig. 5. HDI hardening for various samples. (a) The true stress-strain curves for LUR tests. (b) The close-up views of typical hysteresis loops for the aged sample at 
750 ◦C. (c) Both σHDI and εrp as a function of applied true tensile strain for various samples. (d) The evolutions of σHDI/σtotal along with true applied tensile strain for 
various samples. 
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mechanisms will be revealed next by LUR tests and microstructure 
characterizations. 

As indicated in previous studies [37,40,41], the high strain hard-
ening in metal and alloys with dual-phase microstructure can be 
attributed to the back stresses arising from the plastic deformation in-
compatibility between the different phases, and the back stress hard-
ening can be even more significant when the martensite transformation 
occurs during the tensile deformation. In a recent review [52], the extra 

hardening in heterogeneous materials is proposed to be resulted from 
interactions between back stresses developed in soft domains and for-
ward stresses developed in hard domains, and should be described as 
hetero-deformation induced (HDI) hardening. In this regard, the HDI 
stresses for various samples were characterized by LUR tests, and the 
true stress-strain curves for LUR tests are shown in Fig. 5a. It is inter-
esting to note the obvious yield-drop phenomenon emerged from the 
new yield stress upon each reloading in LUR tests for all samples. This 

Fig. 6. (a) The volume fractions of γ austenite phase prior to and after tensile deformation. (b) The amounts of phase transformation during tensile tests.  

Fig. 7. EBSD phase images with GBs after tensile deformation: (a) for the HR sample; (b) for the aged sample at 550 ◦C; (c) for the aged sample at 650 ◦C; (d) for the 
aged sample at 750 ◦C. 
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phenomenon for unloading yield points has also been found in many 
metals and alloys due to the pile-ups of dislocations during unloading, or 
the uncoordinated deformation in hetero-materials [53–55]. In FeNiAlC 
alloy, the B2 precipitates and the transformed martensite both lead to an 
increased yield stress. The close-up views of typical hysteresis loops for 
the aged sample at 750 ◦C are displayed in Fig. 5b. It is shown that the 
hysteresis loop becomes larger and larger with increasing applied tensile 
strain, indicating strong HDI hardening. Here, the HDI stress (σHDI) was 
calculated using the method proposed in our previous paper [41]. The 
reverse plastic strain (εrp), i.e., the width of the hysteresis loop as defined 
in Fig. 5b, can also considered as an indicator of the HDI hardening. Both 
σHDI and εrp are plotted as a function of the applied true tensile strain in 

Fig. 5c, and the results indicate that all samples show strong HDI 
hardening due to the interactions between various phases with different 
mechanical properties. The fraction of the HDI stress in the total flow 
stress (σHDI/σtotal) can be considered as the contribution of back stress 
hardening to the overall strain hardening, thus the evolutions of σHDI/

σtotal along with applied tensile true strain for various samples are dis-
played in Fig. 5d. It is interesting to note that σHDI/σtotal for the aged 
samples is higher than that for the HR sample, and the aged sample at 
550 ◦C has the highest σHDI/σtotal. These observations indicate that the 
aged samples have higher HDI hardening, and the aged sample at 550 ◦C 
has the highest HDI hardening. The higher HDI hardening for the aged 
samples results in better strain hardening ability under tensile loading, 

Fig. 8. (a) The estimated average grain sizes of austenite grains, martensite grains and B2 precipitates after tensile testing for various samples. (b) The average size 
reductions of austenite grains, martensite grains and B2 precipitates after tensile testing for various samples. 

Fig. 9. The maps of KAM values for the aged sample at 550 ◦C prior to and after tensile testing: (a) (b) for the austenite phase; (d) (e) for the martensite phase. The 
corresponding statistical distributions of KAM values: (c) for the austenite phase; (f) for the martensite phase. 
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as indicated in Fig. 4a. 
In order to reveal the amount of the martensite transformation 

during the tensile deformation, the XRD diffraction patterns in the HR 
sample and in the aged sample at 550 ◦C prior to and after tensile 
deformation have been obtained. Then, the volume fraction of γ 
austenite phase can be estimated by the methods mentioned previously. 
The information for the volume fractions of γ austenite phase before and 
after tensile deformation and the amounts of phase transformation 
during tensile tests for the two samples are provided in Fig. 6. The XRD 
data reveal significant phase transformation during tensile tests for both 
samples. As indicated, the volume fractions of the austenite phase are 
much smaller after tensile deformation for the aged sample compared to 
that for the HR sample, which indicates that the stability of the austenite 
phase upon deformation is much reduced for the aged sample. It is also 
shown that the amount of phase transformation during tensile testing is 
much larger for the aged sample at 550 ◦C, which is consistent with the 
strongest HDI hardening as shown in Fig. 5d. This reduced stability of 
the austenite phase for the aged sample might be attributed to two 
reasons: (i) the high local stress level induced by the undeformable and 
hard B2 precipitates around the austenite grains [33–36], and these 
induced high local stresses should promote the martensite trans-
formation; (ii) diffusion of nickel and aluminum from the austenite 
phase to the B2 precipitates during aging, and poverty of nickel in the 
austenite phase for the aged sample should also facilitate the martensite 
transformation [56,57]. The promoted martensite transformation 
should result in stronger strain hardening as shown in Fig. 5c and d. 

The EBSD phase images with GBs (the same color coding is used as 
Fig. 1a–d) for various samples after tensile tests are shown in Fig. 7a–d. 
It is shown that the volume fraction of γ austenite phase is much reduced 

after tensile tests for all samples, indicating phase transformation. Based 
on EBSD observations, it is also shown that volume fractions of the 
austenite phase are much smaller after tensile deformation for the aged 
samples compared to that for the HR sample, which is consistent with 
the XRD results in Fig. 6. Based on the EBSD images prior to and after 
tensile tests for various samples, the grain size changes of three phases 
for various samples can be obtained. 

The estimated average grain sizes of austenite grains, martensite 
grains and B2 precipitates after tensile testing for the HR sample and the 
aged samples are displayed in Fig. 8a, while the average size reductions 
of austenite grains, martensite grains and B2 precipitates after tensile 
testing for various samples are displayed in Fig. 8b. The grain refinement 
of austenite grains can be attributed to the significant phase trans-
formation from austenite phase to martensite phase during tensile 
loading and the nucleation of martensite grains inside the austenite 
grains. It can also be seen that the size reduction of austenite grains is 
largest for the sample aged at 550 ◦C due to the highest amount 
martensite transformation during tensile deformation. The grain 
refinement of martensite grains during tensile deformation can be 
attributed to the formed small size lath martensite during tensile 
loading. These formed lath martensite with small size should have 
strong impact on the strain hardening behavior. The size change for the 
B2 precipitates is not obvious during tensile deformation. 

The kernel average misorientation (KAM) values of various phases 
for the aged sample at 550 ◦C prior to and after tensile testing are dis-
played in Fig. 9. The KAM maps for the austenite phase are shown in 
Fig. 9a and b, while the KAM distributions for the martensite phase are 
displayed in Fig. 9d and e. The corresponding statistical distributions of 
KAM values are shown in Fig. 9c and f. In general, the KAM values can 

Fig. 10. TEM images after deformation for the aged sample at 550 ◦C. (a) B2 grain with low dislocation density. (b) Deformation-induced lath martensite with high 
dislocation density. (c) Martensite grains with high density of twins. (d) The dark field close-up view for the rectangular area in (c). 
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reflect the density of geometrically necessary dislocations (GNDs) [19, 
20]. It can be observed that the dislocation density is relatively low in 
austenite grains before tensile testing due to the aging treatment. The 
change of KAM values for austenite grains can be ignored since the 
volume fraction of the austenite phase is very small after tensile defor-
mation. However, the KAM values become much larger after tensile 
testing for the martensite phase. This indicates that the dislocation 
density in martensite phase increases significantly during the phase 
transformation, which can be attributed to the generation of 
transformation-induced dislocations during tensile deformation [58]. 
These transformation-induced dislocations can also have great impact 
on the strain hardening. 

The TEM images for the aged sample at 550 ◦C after tensile testing 
are shown in Fig. 10. As indicated in Fig. 10a, the dislocation density is 
very low in the B2 grains and very few substructures (dislocation wall, 
dislocation cell, etc.) can be observed inside the B2 grains after tensile 
testing. This indicates that the hard B2 grains are nearly undeformable, 
and the applied tensile strain is mostly accommodated by the other two 
phases. Deformation-induced lath martensite with high dislocation 
density can be observed after tensile deformation (Fig. 10b), which in-
dicates that the martensite phase can carry part of strain during tensile 
loading. Moreover, the density of twins becomes much higher for the 
martensite grains after tensile deformation (Fig. 10c and d), and these 
deformation-induced nanotwins should contribute significantly to the 
strain hardening, as the dynamic Hall-Petch effect for TWIP effect [59]. 
These deformation-induced TBs should reduce the free path of disloca-
tion glide and provide strong barriers for dislocation slip, resulting in 
strong strain hardening. 

4. Summary and concluding remarks 

In the present study, aging and WQ at critical temperatures have 
been applied to a HR FeNiAlC dual-phase alloy to obtain B2 intermetallic 
precipitates with various volume fractions and sizes, resulting in a so- 
called triplex microstructure. The tensile properties have been tested, 
and the corresponding deformation mechanisms were carefully revealed 
by LUR tests and microstructure characterizations before and after 
tensile testing. The main findings can be summarized as follows:  

(1) Higher yield strength, higher ratio between the ultimate strength 
and the yield strength, and stronger strain hardening were ach-
ieved in the aged samples compared to these for the HR sample. 
All samples show strong HDI hardening due to the interactions 
between various phases with different mechanical properties, the 
aged samples have higher HDI hardening and the aged sample at 
550 ◦C has the highest HDI hardening.  

(2) Compared to that for the HR sample, the stability of the austenite 
phase upon deformation is much reduced for the aged sample, 
which can be attributed to the following two reasons: the high 
local stress level induced by the undeformable and hard B2 pre-
cipitates around the austenite grains, and the diffusion of nickel 
and aluminum from the austenite phase to the B2 precipitates 
during aging. Thus, the amount of phase transformation during 
tensile tests is much larger for the aged samples, resulting in 
stronger strain hardening.  

(3) Deformation-induced lath martensite with high dislocation 
density is observed after tensile deformation, and these 
transformation-induced dislocations should have significant 
influence on the strain hardening. Moreover, the tensile defor-
mation also induces nanotwins in the martensite grains, result-
ing in much higher density of twins and smaller spacing for twins 
after tensile loading. These deformation-induced TBs with 
nanoscale should reduce the free path of dislocation glide and 
provide strong barriers for dislocation slip, resulting in strong 
strain hardening as the dynamic Hall-Petch effect. The present 

results should provide insights for tailoring microstructures for 
achieving better strength-ductility synergy in metals and alloys. 
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