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Friction stir processed (FSPed) NAB alloy exhibits inhomogeneous microstructures that can be
divided into three subregions from the top surface to the bottom according to a phase
morphologies: Widmanstatten a subregion, banded a colonies, and stream-like a colonies. In
this study, a constant stress intensity range (DK) was used for each sample to study the effect of
microstructures on the fatigue crack growth rate (FCGR) of FSPed NAB alloy. The results
show that a phase in banded and stream-like a colonies experiences completely dynamic
recrystallization and forms equiaxed a grains during FSP. The FCGR of FSPed NAB alloy
continuously decreases from the top surface to the bottom. In the subregion with stream-like a
colonies, the alloy containing a higher content of equiaxed a grains and fine jiv phase, and less
retained b (b¢) phase exhibits the best FCG resistance. The equiaxed a grains deflect the main
crack and increase crack tortuosity effect, which make a main contribution to FCG resistance of
FSPed NAB alloy, while martensite b¢ phase produced during FSP accelerates its fatigue crack
growth. Compared to matrix alloy, FSPed NAB alloy exhibits better FCG resistance only at
high DK levels. At low DK levels, the crack deflection effect caused by coarser j phase in the
matrix alloy obviously improves its FCG resistance. With the increasing DK, the aforemen-
tioned crack deflection effect gradually diminishes and fatigue crack prefers to propagate in a
flat way, resulting in higher FCGR of matrix alloy.
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I. INTRODUCTION

NICKEL-ALUMINUM bronze (NAB) alloy is
widely used in marine engineering materials of propeller,
pump, valve, etc. due to its excellent combination of
high strength and corrosion resistance.[1] With the
development of ocean engineering around the world,
NAB alloy has been paid more and more attention by
many material scientists.[1–3] Typical microstructures of
the as-cast NAB include a phase, retained b (b¢) phase,
and several precipitation phases (ji, jii, jiii, and jiv).

[4]

The complex microstructures are disadvantageous to the
mechanical properties and corrosion resistance of the
as-cast NAB alloy.[5] For example, Xu et al. reported
that high interphase stress was formed between a matrix

and j phases when NAB alloy was deformed in
elastic–plastic region (about 300-450 MPa). Fracture
might initiate from the a/j phase boundaries due to the
high interphase stress.[6] Fonlupt et al. found that NAB
alloy containing more second phases had higher stress
corrosion cracking susceptibility.[7] In addition, porosity
defects are also formed due to gas evolution during
solidification and fatigue crack can initiate and propa-
gate from these defects, which are also adverse to the
mechanical properties of NAB alloy.[8,9]

Recently, several techniques have been adopted to
improve the mechanical properties and corrosion resis-
tance of the as-cast NAB alloy such as ion implanta-
tion,[10] laser surface melting,[11,12] friction stir
processing (FSP),[13,14] and friction surfacing (FS).[15]

Among them, FSP has been rapidly developed due to its
energy efficiency, environmental friendliness, and versa-
tility.[16] Although this technique is originally intended
for aluminum alloys, the applications have now been
extended to various alloys such as magnesium, copper,
titanium, and steels.[16] One important advantage is that
only the component surface is modified, while for NAB
component used in ocean engineering almost all the
damages occur on the surface. Thus, FSP is a suit-
able technique to make uniform the surface microstruc-
tures of the as-cast NAB alloy and to improve its
mechanical properties and corrosion resistance.[17]

Previous investigations showed that FSP refined the
microstructures and eliminated the porosity defects of the
as-cast NAB alloy, thus improving its mechanical
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properties and corrosion resistance significantly.[14,18]

However, inhomogeneous microstructures were also
formed during FSP, which included fine Widmanstatten
structure, banded structure, equiaxed structure, stream-
like structure, and onion ring structure.[14,19] This is
because various regions in the Friction stir processed
(FSPed) NAB alloy experience different thermomechani-
cal histories.[19]Thepeak temperatureof stir zonecan reach
1263 K to 1288 K (990 �C to 1015 �C) at which temper-
ature the NAB alloy is entirely in b phase zone and
Widmanstatten a structure is formed after FSP due to high
cooling rate.[20] The banded a structure results from
incomplete dynamic recrystallization and intense plastic
deformation of FSP,[19] while the onion ring structure is
formeddue to severeplastic deformation at higher rotation
rate and traverse speed.[2] The inhomogeneousmicrostruc-
tures produced during FSP depend onmaterial properties,
tool geometry features, and processing parameters.[21]

Increasing the number of FSP passes can produce more
homogeneous structures in the stir zone, but it cannot
eliminate the inhomogeneous structures completely.[19]

For structural materials, fatigue crack growth rate
(FCGR) is an important parameter for their engineering
applications. Thus, it is necessary to understand the
FCGR of FSPed NAB alloy. However, to our knowl-
edge, FCGR of FSPed NAB alloy has rarely been
studied. In addition, inhomogeneous microstructures
formed during FSP result in different FCGRs at various
subregions,[19] and it is difficult to estimate which
microstructures exhibit the best fatigue crack growth
resistance. Therefore, in this study, FSP is used to
process the NAB alloy and to form inhomogeneous
microstructures from the top surface to the bottom.
Then a constant stress intensity range (DK) is used for
each sample to study the effect of microstructures on the
FCGR of FSPed NAB alloy. In order to study the
FCGR of various subregions as a function of DK, we
chose four DK values, i.e., 7, 7.7, 8.4, and 9.8 MPa

ffiffiffiffi

m
p

,
to test the FCGR of FSPed NAB alloy.

II. EXPERIMENTAL PROCEDURE

The as-cast Cu-9.5Al-4.2Ni-4Fe-1.2Mn NAB alloy
ingot with a dimension of /150 mm 9 100 mm was
prepared by vacuum melting and then forged at 1123 K
(850 �C). The microstructures of the forged alloy mainly
consist of a matrix, coarser jii, finer jiv, and b¢
phases,[22] as shown in Figures 1(a) and (b). The NAB
alloy was subjected to FSP at a traverse speed of
100 mm/minute and a rotation rate of 1000 rpm. The
FSP tool used in this study is a tungsten carbide-based
alloy with a shoulder of 15 mm diameter and an
unthreaded pin of 7 mm diameter and 2 mm height.
The FSPed NAB alloy exhibits inhomogeneous
microstructures from the top surface to the bottom.
According to the primary microstructures of various
subregions, the stir zone of FSPed NAB alloy can be
divided into three subregions, which are named as
subregion A, B, and C, respectively. The three subre-
gions correspond to locations 0~1.1 mm, 1.1-1. 6mm,

and 1.6~2.1 mm, respectively, from the top surface of
FSPed NAB alloy, as shown in Figure 2.
Three-point bending specimens were cut from anFSPed

NAB plate using a wire cutting machine. Schematic
drawingof the extractionof three-point bending specimens
from the FSPedNABplate is shown inFigure 3(a). As can
be seen, the notch used in this study is located in themiddle
of the top surface along the advancing direction of FSPed
NABalloy.Figure 3(b) shows themajor dimensions of test
specimens machined in accordance with ASTM E399
standards. In order to guide the crack growth straight
along the perpendicular direction and obtain more accu-
rate results, side grooves weremachined. Therefore, in this
study, the effective specimen thickness (Beff) was used to
calculate the stress intensity factor (K). According to
ASTM E399, Beff =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

B � BN

p
, where B is the specimen

thickness and BN is the specimen thickness between the
roots of the side grooves.
FCGR tests were performed on a DLU-50 test

machine from Bairuo and direct current potential drop
(DCPD) method was used to determine the crack length
of FSPed NAB alloy. Before the FCGR test, a fatigue
pre-crack of about 0.3 mm was produced on the
specimens using a load ratio R (Kmin/Kmax) of 0.3 and
a frequency of 1 Hz. In order to investigate the effect of
microstructures on the FCGR of FSPed NAB alloy, a
constant maximum stress intensity factor (Kmax) was
used for each sample and the FCGR of different
subregions was calculated using Origin software accord-
ing to the tested crack length curve. Four Kmax values,
i.e., 10, 11, 12, and 14 MPa

ffiffiffiffi

m
p

, were chosen to test
FCGR variations as a function of Kmax. The stress
intensity range (DK) can be calculated using the for-
mula: DK = Kmax*(1�R), where R is the load ratio.
Therefore, the values of DK used in this study are 7, 7.7,
8.4, and 9.8 MPa

ffiffiffiffi

m
p

.
The microstructural and crack morphology observa-

tions of FSPed NAB alloy were carried out using an
optical microscope (OM) and a JEM-2100F scanning
electron microscope (SEM) equipped with electron
backscatter diffraction (EBSD). The sample preparation
methods for SEM and EBSD observations have been
described in detail in our pervious investigations.[22–24]

Vickers microhardness was measured on the polished
cross-section using an automated tester with a load of
500 g and a dwelling time of 15 seconds. Each value was
averaged from four tests.

III. EXPERIMENTAL RESULTS

A. Microstructures

Figure 4 shows the microstructures of subregions A,
B, and C in the FSPed NAB alloy. In subregion A, the
microstructures consist of Widmanstatten a and b¢
phases (Figure 4(a)), subregion B shows similar
microstructures but a colonies exhibits a banded mor-
phology. At the bottom of the stir zone, i.e., subregion
C, stream-like a colonies and b¢ phase are observed
(Figure 4(e)). The direction of the stream-like a colonies
is parallel to the rotation direction of FSP tool tip.
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Magnified images of subregions A, B, and C clearly
reveal that fine jiv phase is also formed during FSP
(Figures 4(b), (d), and (f)). It is worth mentioning that
subregion B contains the most jiv phase among the three

subregions, while subregion C contains some coarser jii
phase. The above results indicate that various subre-
gions in the FSPed NAB alloy experience different
thermomechanical histories, thereby producing

Fig. 2—Cross-section macrostructures of FSPed NAB alloy.

Fig. 1—Initial microstructures of forged NAB alloy: (a) OM image and (b) SEM image.

Fig. 3—(a) Schematic drawing of the extraction of three-point bending specimens from FSPed NiAl bronze plate. (b) The dimensions of samples
for fatigue crack growth rate test.
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inhomogeneous microstructures from the top surface to
the bottom.

B. Fatigue Crack Growth Rate of FSPed NAB Alloy

Figure 5 shows the FCGRs of FSPed NAB alloy
tested at the stress intensity values of 7, 7.7, 8.4, and
9.8 MPa

ffiffiffiffi

m
p

, respectively. As can be seen, DK plays an
important role in FCGR of FSPed NAB alloy
(Figure 5(a)). The FCGRs of various subregions calcu-
lated from time vs crack length curves (Figure 5(a)) are
shown in Figure 5 (b). The results clearly show that the
FCGR decreases gradually from the top surface to the

matrix at the DK values of 7 and 7.7 MPa
ffiffiffiffi

m
p

. While at
the DK values of 8.4 and 9.8 MPa

ffiffiffiffi

m
p

, the lowest FCGR
is obtained at the distance of around 2 mm from the top
surface, i.e., subregion C in FSPed NAB alloy. The
above results indicate that, among the three subregions
of FSPed NAB alloy, subregion C containing stream-
like a colonies, finer jiv, and b¢ phases exhibits the best
FCG resistance.

C. Fatigue Crack Propagation Path

Figure 6 shows the fatigue crack profiles of various
subregions in FSPed NAB alloy tested at the DK value

Fig. 4—OM and SEM images showing inhomogeneous microstructures in different zones of FSPed NAB alloy. (a), (c), and (e) Locations A, B,
and C, respectively, in Fig. 2. (b), (d), and (f) Magnified images in (a), (c), and (e), respectively.
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of 7 MPa
ffiffiffiffi

m
p

. At the subregion A (Figure 6(a)), the
crack propagating through Widmanstatten a or along
the a/b¢ phase boundaries (indicated by yellow arrows in
Figure 6(a)) are observed. Fractured b¢ phase is also
found, indicating that b¢ phase is more brittle than a
phase.[28] At subregion B (Figure 6(b)), the crack
propagates through both a colonies and b¢ phases.
However, the crack prefers to propagate in a flat way in
b¢ phase and more deflection in a colonies (indicated by
yellow arrows in Figure 6(b)). The crack propagation
path of subregion C is similar with subregion B
(indicated by yellow arrows in Figure 6(c)). Compared
with FSPed region, the matrix alloy exhibits more
deflection crack propagation path. It can clearly be
observed from Figure 6(d) that the crack prefers to
propagate along the a/jii interfaces and jii can also
change the crack propagation direction (indicated by
yellow arrows in Figure 6(d)).

D. Microhardness

Figure 7 shows the microhardness distribution map of
FSPed NAB alloy measured from the top surface to the
bottom. Compared with the matrix alloy, all the
subregions in FSPed NAB alloy have higher microhard-
ness. Among the three subregions, the highest micro-
hardness is obtained at subregion B (280 Hv). This is
because the subregion has the highest content of b¢
phase (Figures 4(c) and (e)) and the b¢ phase has higher
microhardness compared with the a phase.[25] With
further increasing the distance to matrix, the micro-
hardness gradually decreases and the microhardness of
matrix alloy is about 225 Hv.

IV. DISCUSSION

A. Effects of Microstructures on the FCGR of FSPed
NAB Alloy

The above results indicate that the FSPed NAB alloy
exhibits inhomogeneous microstructures at various

subregions. This is because various subregions in the
FSPed NAB alloy experience different thermomechan-
ical histories. This result has been reported in many
investigations.[14,19] Here, we focus on the effect of
microstructures on the FCGR of FSPed NAB alloy.
Figure 8 shows the FCGR variations as a function of
DK at different subregions of FSPed NAB alloy. As can
be seen, among the three subregions in FSPed NAB
alloy, subregion A has the highest FCGR at various DK
values, followed by subregions B and C. In other words,
the microstructures consisting of Widmanstatten a and
b¢ phases exhibit the highest FCGR, while the
microstructures mainly including stream-like a colonies
and b¢ phase exhibit the lowest FCGR. This may be
because Widmanstatten a phase has lower Young’
modulus compared with equiaxed a phase,[26] while the
FCGR of the material is proportional to (DK/E)4.[8] In
other words, the material having the lower Young’
modulus has higher FCGR. This may be one reason
why subregions B and C have better fatigue crack
growth resistance than subregion A. Compared with
subregion C, subregion B has a higher FCGR. This may
be attributed to the higher content of martensite b¢
phase in subregion B (Figure 4(c)). The b¢ phase is a
metastable phase with a martensitic structure and has
higher dislocation density and stored energy,[25] thereby
accelerating the fatigue crack growth. It is also demon-
strated by fatigue crack propagation path profile of
FSPed NAB alloy that the martensite b¢ phase in
subregion B prefers to propagate in a flat way (indicated
by yellow arrows in Figure 6(b)). This is also consistent
with our previous results that the heat-treated NAB
alloy with a higher content of martensite b¢ phase has a
higher FCGR.[27]

Figure 9 shows the EBSD maps of the fatigue crack
paths at different subregions of FSPed NAB alloy tested
at the DK value of 7.7 MPa

ffiffiffiffi

m
p

. Different colors in the
figure represent the different orientation relations of a
grains. At subregion A (Figure 9(a)), both of the
intergranular and transgranular crack propagation
behaviors are observed (indicated by A, B, and C in

Fig. 5—Fatigue crack growth rates of FSPed NAB alloy at different stress intensity values (DK). (a) Crack length, a (mm), as a function of time
(h). (b) Fatigue crack growth rates calculated from (a) in different subregions of FSPed NAB alloy.
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Figure 9(a)). At subregions B and C, the crack propa-
gates mainly along a grain boundaries, although some
transgranular crack propagation is also found (indicated
by black arrows in Figures 9(b) and (c)). The boundary
misorientation maps of various subregions in FSPed
NAB reveal that most of a gains have high-angle
boundaries (above 40 deg), which indicate that the a
phase in the colonies experiences completely dynamic

recrystallization and forms equiaxed a grains during
FSP. Therefore, it is believed that, at low DK, the crack
tip plastic zone is small and a grain boundaries can
deflect the crack and increase the crack path tortuosity.
Thus, a phase can significantly decrease the FCGR at
low DK. As shown in Figures 4(c through f), subregion
C has more a phase than subregion B, which may be
another reason for the lower FCGR of subregion C.

Fig. 6—Fatigue crack profiles at the stress intensity value (DK) of 7 MPa
ffiffiffiffi

m
p

in various subregions of FSPed NAB alloy. (a), (b), (c) and (d)
subregions A, B, and C and matrix, respectively.
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Fine jiv phase is formed during FSP (see Figures 4(b),
(d), and (f)), which has the Kurdjumov–Sachs or
Nishiyama–Wasserman orientation relationship with
the a matrix.[28] These fine jiv phase can also deflect
the crack tip or reduce damage accumulation of crack
tip, thereby increasing the FCG resistance.[25] Our
results are consistent with many previous investiga-
tions.[8,27] Borrego et al. studied the FCGR of age-hard-
ened aluminum alloys and attributed the higher FCG
resistance of the alloy to dispersed particles.[29] They
considered that the dispersed particles promoted planar
slip and crack deflection and increased the crack path
tortuosity effect, thus decreasing FCGRs of the alloy.

B. FCGR of Various Subregions in FSPed NAB Alloy

Based on the above results, various subregions of
FSPed NAB alloy exhibit a large difference in FCGR at
the DK value of 7 MPa

ffiffiffiffi

m
p

, while the difference signif-
icantly decreases at the DK value of 9.8 MPa

ffiffiffiffi

m
p

(Figures 5(b) and 8). In order to explain to this, the
fracture surfaces for various subregions of FSPed NAB
alloy are observed in detail, as shown in Figure 10. It
can be found that FSPed NAB alloy tested at the DK
value of 7 MPa

ffiffiffiffi

m
p

has much more rough fatigue
fracture surfaces on various subregions than that
obtained at the DK value of 9.8 MPa

ffiffiffiffi

m
p

(see yellow
circle in Figures 10(a), (c), and (e)). It is indicated that a
grains can effectively deflect the fatigue crack at the DK
value of 7 MPa

ffiffiffiffi

m
p

and the deflection effect diminishes
at the DK value of 9.8 MPa

ffiffiffiffi

m
p

. This result is consistent
with the observed fatigue crack path (shown in
Figures 6 and 9, respectively). This is because, at low
DK, the crack tip plastic zone is small; in this situation,
the crack deflection effect caused by the fine a grains
effectively decreases the FCGR of FSPed NAB alloy.
With increasing DK, the crack tip plastic zone signif-
icantly increases, leading to the disappearance of the
aforementioned crack defection effect. Thus, various
subregions of the FSPed NAB alloy have a similar
FCGR at the DK value of 9.8 MPa

ffiffiffiffi

m
p

.[30,31]

C. FCGR of FSPed Region Compared with Matrix Alloy

Based on the above analysis, the microstructures of
forged NAB alloy are refined during FSP, increasing its
microhardness significantly. It can be expected that
FSPed NAB alloy has better FCG resistance. However,
compared with matrix alloy, FSPed NAB alloy exhibits
better FCG resistance only at higher DK levels, while the
matrix alloy has a lower FCGR at lower DK levels
(Figures 5(b) and 8). In order to understand the reason
why matrix alloy has better FCG resistance at low DK
levels, the fracture surfaces of matrix alloy at the DK
values of 7 and 9.8 MPa

ffiffiffiffi

m
p

are observed, as shown in
Figure 11. In Figure 11(a), large faceted surfaces of a
grains are observed (see red arrows in Figure 11(a)),
indicating that the fracture mechanism of a phase in
matrix alloy is controlled by transgranular fracture mode
at the DK value of 7 MPa

ffiffiffiffi

m
p

, while the main fracture
mechanism of a phase in FSPed NAB alloy is intergran-
ular fracture mode (see Figure 6). That may be one
reason for the lower FCGR of matrix alloy that,
generally, the alloy with the transgranular fracture has
a lower FCGR than that with intergranular fracture.[8]

Some jii particles and voids with jii morphologies are
also observed in matrix alloy (see Figure 11(a)). The
voids are formed when the jii particles are pulled out of
the matrix alloy during cyclic load. This result is
consistent with the observed fatigue crack propagation
path (see Figure 6(d)). It is indicated that the coarser jii
particles in the matrix can deflect the crack significantly,
resulting in more rough fracture surface. Thus, coarser jii
particles can increase the FCG resistance of matrix alloy.
While the coarser jii particles are dissolved into the
matrix alloy during FSP, fine jiv particles are precipitated
during the following cooling (see Figure 4). The fine jiv
particles can exert less influence on the fatigue crack
growth resistance at low DK compared with the coarser
jii particles. At the DK value of 9.8 MPa

ffiffiffiffi

m
p

, a flat
fracture surface is obtained (see Figure 11(b)), which
indicates that the fatigue crack propagates in a flat way.
In this situation, the deflection effect caused by

Fig. 7—Microhardness distribution profile obtained from the top
surface to the bottom of FSPed NAB alloy.

Fig. 8—Fatigue crack growth rates at different subregions of FSPed
NAB alloy, which is calculated from Fig. 5(a).
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microstructures has little influence on the FCGR of
matrix alloy. It is reported that the fracture-related
properties were controlled by the intrinsic fracture
resistance, i.e., mechanical properties and the tortuosity
effect of the crack front.[31–33] At lowDK levels, the plastic
zone of crack tip is small compared with grain size; in this
situation, equiaxed a grains and coarser jii particles have

the ability to deflect main crack and the fracture
mechanism is mainly controlled by the tortuosity effect
of the crack front. At high DK levels, the plastic zone of
crack tip is large, and in this situation the mechanical
properties play a main role in fatigue crack growth
resistance. Thus, matrix alloy has a higher FCGR at the
DK value of 9.8 MPa

ffiffiffiffi

m
p

.

Fig. 9—EBSD maps of fatigue crack paths at different subregions of FSPed NAB alloy tested at the stress intensity value of 7.7 MPa
ffiffiffiffi

m
p

. (a),
(b), (c) and (d) Subregions A, B, and C and matrix, respectively.
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Another important reason for the higher FCGR of
FSPed NAB alloy may be the high content of b¢ phase
formed during FSP due to high peak temperature. The
b¢ phase is a metastable phase with a martensitic
structure and has higher dislocation density and stored
energy.[25] In some rich b¢ phase regions of FSPed NAB
alloy, brittle crack can be formed (Figure 12), thereby
significantly accelerating fatigue crack growth. In addi-
tion, high residual stress was also formed during FSP.
Prevey et al. reported that the maximum residual stress
of FSPed NAB alloy in the longitudinal (parallel to
processing direction) and the transverse (normal to
processing direction) directions was +200 and

�200 MPa, respectively.[34] Although the compressive
stress in the transverse direction is beneficial to the FCG
resistance of FSPed NAB alloy, however, it is reported
that the longitudinal residual stresses were always higher
than the transverse ones.[16] Thus, the high residual
stress is also detrimental to the FCG resistance of FSPed
NAB alloy.
Based on the above results, the fatigue crack growth

behavior of FSPed NAB alloy at low and high DK
values can be summarized, as shown in Figure 13. At
low DK levels (Figure 13(a)), the crack tip plastic zone is
small and the crack prefers to propagate along a grain
boundaries. Thus, the recrystallized a grains in

Fig. 10—Fatigue crack fracture surfaces of various subregions in FSPed NAB alloy at the DK values of 7 and 9.8 MPa
ffiffiffiffi

m
p

. (a), (c) and (e)
Subregions A, B, and C, respectively, at the DK value of 7 MPa

ffiffiffiffi

m
p

. (b), (d) and (f) Region A, B, and C, respectively, at the DK value of
9.8 MPa

ffiffiffiffi

m
p

.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 48A, MARCH 2017—1129



subregions B and C significantly deflect the main crack,
making a primary contribution to FCG resistance of
FSPed NAB alloy, while the b¢ phase propagating in a
flat way is detrimental to its FCG resistance. Coarser jii
particles in matrix exhibit more influence on the
deflection effects of the main crack. This may be the
reason why the matrix alloy has better FCG resistance
at low DK levels. At high DK levels (Figure 13(b)), the
crack tip plastic zone is large, and the deflection effect
caused by microstructures diminishes. Thus, the main
crack propagates in a flat way through all the subregions
of FSPed and matrix alloy. In this situation, the
mechanical properties of the alloy make a main contri-
bution to the FCG resistance of the alloy. Therefore, the
FSPed NAB alloy exhibits better FCG resistance
compared with matrix alloy.

It should be noted that FSPed NAB alloy exhibits
worse FCG resistance at low DK levels compared to
matrix alloy. A high content of b¢ phase produced
during FSP is the main reason for the worse FCG
resistance. In real production, the NAB alloy is heat
treated at 948 K (675 �C) for 2 to 6 hours to eliminate

the b¢ phase.[22] In addition, the content of b¢ phase in
FSPed NAB alloy can also be reduced by the decrease of
heat input and the improvement of FSP tool is a good
approach to decrease the heat input.[35] Therefore, in
order to improve the FCGR of FSPed NAB alloy,
post-heat treatment or the improvement of FSP tool will
be tried in our future study.

V. CONCLUSION

In this work, NiAl bronze (NAB) alloy was subjected
to FSP. Inhomogeneous microstructures were formed in
various subregions of FSPed NAB alloy. The effect of
microstructures on the FCGR of FSPed NAB alloy was
studied using DCPD method. The following conclusions
can be drawn:

(1) FSPed NAB alloy exhibits inhomogeneous
microstructures from the top surface to the
bottom that can be divided into three subregions:
a subregion containing Widmanstatten a, fine jiv,
and b¢ phases, a subregion containing banded a
colonies, fine jiv, and b¢ phases, and a subregion
containing stream-like a colonies, fine jiv, and b¢
phases. During FSP, a phase in the colonies
experiences completely dynamic recrystallization
and forms equiaxed a grains.

(2) The FCGR of FSPed NAB alloy continuously
decreases from the top surface to the bottom. In
the subregion with stream-like a colonies, the
alloy containing a higher content of equiaxed a
grains and fine jiv phase, and less retained b (b¢)
phase exhibits the best FCG resistance. The
equiaxed a grains deflect the main crack and
increase crack tortuosity effect, which make a
main contribution to FCG resistance of FSPed
NAB alloy, while the b¢ phase prefers to propa-
gate in a flat way, which is detrimental to the
FCG resistance of FSPed NAB alloy.

(3) Compared to matrix alloy, FSPed NAB alloy
exhibits better FCG resistance only at high DK
levels, while the matrix alloy has lower FCGR at
low DK levels. Fatigue crack growth resistance of

Fig. 11—Fracture surfaces of matrix alloy tested at different DK values: (a) 7 MPa
ffiffiffiffi

m
p

and (b) 9.8 MPa
ffiffiffiffi

m
p

.

Fig. 12—Brittle crack obtained in rich b¢ phase subregion of FSPed
NAB alloy.
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FSPed NAB alloy is controlled by the mechanical
properties and the tortuosity effect of the crack
front. At lowDK levels, the fatigue crack deflection
effect caused by coarser jii particles in the matrix
alloy makes a main contribution to its better
fatigue crack growth resistance. With increasing
DK, the aforementioned crack deflection effect
gradually diminishes. In this situation, themechan-
ical properties play a main role in the FCG
resistance, leading to higher FCGRofmatrix alloy.
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