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The mechanical properties of NiAl/Ni micro-laminated composites with highly gradient
microstructure have been investigated. Two types of composites with different gradient
microstructures were prepared by reaction synthesis. Intermetallics of type I and type
II composites mainly consisted of Al-rich Ni0.45Al0.55 with variable thickness and
Ni-rich Ni0.58Al0.42 with similar thickness, respectively. As intermetallic volume
fraction increased, yield strength of type II followed the rule-of-mixture well, while
that of type I deviated due to the composition variation of intermetallic phases.
Fracture toughness of type II was higher than that of type I, and all showed KR curves
with upward curvature by large-scale bridging. Even though the relative strength of
constituent phases in intermetallic/metal laminates was not constant due to the gradient
microstructure, the fracture mode transition showed similar behavior to that of
metal/ceramic laminates.

I. INTRODUCTION

The intermetallic/metal laminated composites were
suggested by various researchers to improve the brittle-
ness of intermetallic at ambient temperature.1–6 These
composites offer an attractive combination of mechanical
properties distinct from the separate constituent phases,
e.g., high toughness of the metal coupled with low den-
sity, high oxidation resistance, and high strength at el-
evated temperature of the intermetallic.

Reaction synthesis has been used for the fabrication of
intermetallic/metal laminated composites and had many
advantages such as near-net shaping, crucible-less proc-
essing of materials with high melting point, microscopic
compositional homogeneity, and low cost compared with
conventional processing using melting and casting meth-
ods. It has been successfully manufactured by alterna-
tively stacked commercial elemental foils such as Ni, Ti,
Nb, Fe, and Al.7–11 Generally, microstructures obtained

by reaction synthesis have composition gradients along
the direction perpendicular to stacking, and these aniso-
tropic and heterogeneous microstructure can highly af-
fect the mechanical properties of intermetallic/metal
micro-laminated composites.9

Most of the theoretical studies on mechanical proper-
ties of micro-laminated composites have been focused on
the fracture mode of the metal/ceramic systems, assum-
ing that the ceramic layers have a uniquely determined
strength, any elastic mismatch between the metal and
ceramic component can be ignored, and linear elastic
fracture mechanics (LEFM) can be applied. Cao and
Evans12 studied the stress fields around a crack in Al2O3/
Al system by finite element analysis. From their results,
two limits were identified for a crack located in a brittle
layer with its tip incident upon a ductile layer: small-
scale bridging (SSB) limit wherein the plastic zone ex-
tends completely through the ductile layer but only a
small distance along the layer and a large-scale bridging
(LSB) limit, or shear lag limit, wherein the plastic zone
extends a relatively large distance normal to the crack.
Shaw et al.13 observed experimentally the stress field
around crack tip and used LEFM to calculate the stress
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field according to ceramic volume fraction. Huang and
Zhang14,15 considered a single ductile bridging metal
layer as a Dugdale element with constant crack closure
traction, which was confined to the crack plane and taken
as approximately three times the metal yield strength
from considerations of local constraint. Hwu and
Derby16 suggested the composite model combining the
existed LEFM with simple shear-lag solution operating
at lower values of normalized metal constrained yield
strength in three metal/ceramic laminated composites:
Al/Al2O3, Cu/Al2O3, Ni/Al2O3.

Metal/ceramic laminates usually fabricated by diffu-
sion bonding under hot pressing conditions had more
discrete interfaces than intermetallic/metal laminates and
have been uniquely modeled with the assumption of con-
stant intrinsic property of each phase. However, interme-
tallic/metal systems prepared by reaction synthesis have
highly gradient microstructure. Existing models assum-
ing constant intrinsic property could not predict the prop-
erties of intermetallic/metal laminates well any more. In
this study, we have examined tensile properties, crack tip
opening displacement (CTOD), and KR-curve behavior
of NiAl/Ni micro-laminated composites. Intermetallic
fracture strength was deduced from the analysis of mul-
tiple cracking behavior during tensile loading of micro-
laminated composites. Fracture toughness improvement
due to the bridging of ductile metal layer was studied
quantitatively based on the LSB model. Fracture mode
transition from multiple cracking to single cracking ac-
cording to intermetallic volume fraction in NiAl/Ni
micro-laminated composites was experimentally investi-
gated and explained by combined model of LEFM and
shear lag.

II. EXPERIMENTAL

A. Preparation of NiAl/Ni micro-laminated
composites

Two types of micro-laminated composites using com-
mercially pure (99.0% min.) Ni and Al foils (10–100 �m,
Goodfellow Co.) were fabricated to investigate the effect
of thickness and thickness ratio. Type I was made by
using various Al thickness (100, 50, and 25 �m) with
constant Ni thickness (100 �m), and type II was made by

using various Ni thickness (75, 50, 25 �m) with constant
Al thickness (10 �m) (Table I). These foils were cut into
50 × 50 mm squares and cleaned in the ultrasonic bath
with acetone for 30 min. Alternatively stacked foils were
heat-treated by three thermomechanical steps: (i) diffu-
sion bonding, (ii) reaction synthesis, and (iii) post-heat
treatment, as mentioned in our earlier work.3–6

Both ends of the stacked pile were thermally insulated
by zirconia felt (ZYF-100) to minimize heat loss during
reaction. Stacked piles were diffusion bonded for 30 min
at 600 °C under 10 MPa of applied stress in the vacuum
hot press. Diffusion bonded specimens were heated to
750 °C and held at this temperature for 1 h. No pressure
was applied to the specimens during reaction at 750 °C.
Post-heat treatment under 100 MPa pressure was em-
ployed to close shrinkage cavity during solidification of
the transient liquid phase and to remove any Kirkendall
porosity during solid-state diffusion. The volume frac-
tions of each phases in laminated composites were ana-
lyzed by an image analyzer through optical microscope
(Leica DMLM). To identify crystal structure and chemi-
cal composition of each constituents on the microstruc-
ture, energy dispersive spectroscopy (EDS; Oxford) and
XRD (Rigaku, Cu K�) were used.

B. Characterization of mechanical properties

Tensile test specimens were machined from the
reaction-bonded micro-laminated composites with di-
mensions of 5 mm width, 5 mm height, and 50 mm
length by electrodischarge wire cutter. Lateral side of
micro-laminated composites were mirror-surface pol-
ished by 0.25-�m diamond paste to investigate multiple
cracking during tensile loading. Tension tests were per-
formed in static testing machine (Instron 5583) with
loading speed of 0.1 mm/min. Strain was measured by
extensometer with the gauge length of 10 mm. Fractured
surface of each specimens were examined by scanning
electron microscopy (SEM).

Specimens for fracture toughness tests in crack ar-
rester direction were machined with dimensions of 4 mm
width, 4 mm height, and 30 mm length. Each side of
crack arrester direction was mirror polished by 0.25-�m
diamond paste. Notching was introduced with a diamond

TABLE I. Summary of initial foil thickness and final microstructure of micro-laminated composites prepared by reaction synthesis.

Initial thickness Final thickness (�m) Volume fraction

Main intermetallic phasesNi (�m) Al (�m) Metal Intermetallic Metal Intermetallic

Type I 100 25 70 38 0.65 0.35 Ni0.45Al0.55

50 65 53 0.55 0.45
100 57 70 0.45 0.55

Type II 75 10 47 18 0.72 0.28 Ni0.58Al0.42, Ni3Al
50 33 20 0.63 0.37
20 13 18 0.33 0.67
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blade in the crack arrester direction of micro-laminated
composites, and the crack had root radius of about 30–
50 �m. CTOD tests were conducted under ASTM E399
and E1290 standards.17,18 Displacements were measured
by crack opening displacement gage with gauge length of
10 mm mounted through attachable knife edge and load-
ing rate was 0.1 mm/min. Stress intensity factors KQ

were calculated by Eq. (1) using the specimen geometry
of ASTM E399.17

KQ =
PQS

BS3�2

3�1�2�1.99 − ��1 − ���2.15 − 3.93� + 2.7�2��

2�1 + 2���1 − ��3�2 ,

(1)

where � = a0/W and PQ, B, S, W, and a0 are load, thick-
ness, span, width, and crack length, respectively. KR-
curve tests were performed with manually loaded 3-point
bend tester in the SEM (Hitachi S-2150). Crack length
increase (�a) was directly measured during loading. KR-
curves were obtained substituting a0 + �a instead of a0

from Eq. (1).

III. RESULTS AND DISCUSSION

A. Microstructure of NiAl/Ni
micro-laminated composites

Figure 1 shows the typical microstructures of heat-
treated intermetallic/metal micro-laminated composites.
By EDS and XRD analysis, type I micro-laminated com-
posites using 100 �m Ni foil had the phase sequences of
Ni3Al/Ni0.58Al0.42/Ni0.45Al0.55/Ni0.58Al0.42/Ni3Al, and
type II micro-laminated composites using 10 �m Al had
the phase sequences of Ni3Al/Ni0.58Al0.42/Ni3Al. Ini-
tially, NiAl3 and Ni2Al3 intermetallics were formed after
the reaction synthesis of Ni–Al,5,19 but all intermetallic
phases were transformed to Ni0.45Al0.55, Ni0.58Al0.42, and
Ni3Al required for high-temperature application by the
post heat treatment.5 Thus, it could be concluded that
higher Ni containing intermetallics were formed when
the Al thickness decreased. Quantitative microstructural
analysis of acquired micro-laminated composites is plot-
ted in Fig. 2. Type I had higher volume fraction of
Ni0.45Al0.55 and the volume fraction of Ni0.45Al0.55 in-
creased as Al thickness increased. Generally, it is re-
ported that the diffusion coefficient of Ni is higher than
that of Al in NiAl and Ni3Al intermetallics.20 When the
thickness of Al reaction layer increased, the volume frac-
tion of Ni0.45Al0.55 will increase due to the relatively
limited amount of Ni, which is the main diffusing species
in the formation of intermetallics. Type II had higher
volume fraction of Ni0.58Al0.42 and Ni3Al, and their rela-
tive volume fractions were similar, irrespective of Ni

thickness due to the constant Al reaction layer. The dif-
ference of Ni concentration gradient from the center of
Ni layer to the center of intermetallic in two types will
highly affect the mechanical properties in terms of inter-
metallic volume fraction. The discontinuous microvoid,
which is inherently present at the intermetallic centerline,
will provide the crack nucleation site under applied load-
ing.

B. Tensile properties of NiAl/Ni
micro-laminated composites

Under plane strain conditions in parallel direction of
lamination, the yield strength of micro-laminated com-
posites according to intermetallic volume fraction can be
explained through the rule of mixture (ROM) as follows:

FIG. 1. Microstructures of intermetallic/metal micro-laminated com-
posites with initial thickness combinations of (a) 100 �m Ni/100 �m
Al (type I) and (b) 20 �m Ni/10 �m Al (type II) prepared by reaction
synthesis.
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�y = �M�1 − VIM� + �IMVIM . (2)

Yield strength of pure Ni foil is measured to 93 MPa.
Therefore, the yield strength of micro-laminated compos-
ite can be predicted if the yield strength of NiAl inter-
metallic is known. However, it is difficult to directly
infer the literature value of yield strength of NiAl inter-
metallic because the mechanical properties of NiAl in-
termetallic are highly sensitive to processing condition,
microstructure and composition. Figure 3 shows the be-
havior of 0.2% offset yield strength of micro-laminated
composite according to intermetallic volume fraction.
The yield strength of type II depends on intermetallic
volume fraction linearly, and the yield strength of inter-
metallic is assumed to about 440 MPa by Eq. (2),
whereas the yield strength of type I does not follow the
ROM. Dependence of yield strength of micro-laminated
composite on intermetallic volume fraction presumably
is related to Ni concentration of intermetallic. Noebe et
al.21 reported that the yield strength of NiAl intermetallic
changes suddenly near equiatomic concentration. From

Fig. 2, Ni concentration of intermetallic in type II is
constant, but that in type I changes due to the different
diffusion length of Ni inside intermetallic. As a result,
ROM deviation of yield strength in type I micro-
laminated composite is caused from the different Ni con-
centration of intermetallic. The different strength behav-
iors of micro-laminated composites lead to the difference
of multiple cracking behavior observed in lateral side of
tensile-fractured specimens, as shown in Fig. 4(a). In the
case of NiAl/Ni micro-laminated composites, the crack
generally initiates at the brittle intermetallic and multi-
plies through the entire length of intermetallic layer.22

Therefore, the multiple cracking of brittle intermetallic
phase can be observed in the presence of extensive plas-
ticity of ductile metal during tensile loading of micro-
laminated composites. Consider a tensile loaded laminate
with center cracked intermetallic layer, as shown in
Fig. 5. As suggested by Hwu and Derby,16 shear-lag
condition is satisfied at the interface of ductile metal
layer (M) and brittle intermetallic layer (IM) during ten-
sile loading, and the force equilibrium is made between
external applied stress [�(y))] and interfacial shear stress
(�i) within the unit area (dotted area in Fig. 5).

tIMd���y�� = �2�i�y��dy , (3)

��y� =
2

tIM
� �i�y�dy . (4)

Assuming shear stress at the intermetallic/metal inter-
face is related to the unconstrained yield strength of
metal (�0) in pure shear according to von Mises’s crite-
rion,16,23 the stress in intermetallic layer is

�i =
�0

�3
, (5)

FIG. 2. Quantitative analysis of volume fraction of each phase in
(a) type I and (b) type II.

FIG. 3. Yield strength behavior of type I and II micro-laminated com-
posites as a function of intermetallic volume fraction.
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��y� =
2

�3

�0

tIM
y . (6)

Multiple cracking at intermetallic layer will occur
when the external stress exceeds the fracture stress of
intermetallic (�IM), and the multiple cracking distance
(lR) normalized by intermetallic layer thickness (tIM) can
be expressed as the ratio of intermetallic fracture stress to
unconstrained metal yield stress. Therefore, �(lR) = �IM

at y = lR and we obtain

lR
tIM

=
�3

2 ��IM

�0
� . (7)

Normalized multiple cracking distances of micro-
laminated composites were measured by optical micro-
scope through all fractured specimen and average value
was obtained. Unconstrained metal yield strength was
experimentally measured using pure Ni foil under the

same annealed condition as the micro-laminated compos-
ites. With the experimentally measured normalized mul-
tiple cracking distances and unconstrained yield strength
of Ni foils known, as shown in Table II, experimental
normalized multiple cracking distances were plotted on
theoretical curve (Fig. 6), and intermetallic fracture
strengths were deduced from Eq. (7). The results of
metal/ceramic laminates16 were also displayed for com-
parison. The strength ratio of intermetallic/metal lami-
nates was not constant due to the combination of volume
fraction change and concentration gradient of intermetal-
lic layer. From Fig. 6 and Eq. (7), the intermetallic frac-
ture strength was calculated to be 160–210 MPa for type
I and 360–560 MPa for type II, and their values are very

FIG. 4. (a) Lateral view (100 �m Ni/100 �m Al) and (b) top view
(100 �m Ni/50 �m Al) in fractured surface of tensile tested specimens.

FIG. 5. Schematic diagram showing the stress equilibrium around
dot-lined unit area in center cracked laminates during tensile loading.

TABLE II. Summary of normalized multiple cracking distance of
micro-laminated composites and unconstrained metal yield strength.

Initial thickness
Normalized

multiple
cracking

distance (�m)

Unconstrained
yield

strength of
pure Ni (MPa)Ni (�m) Al (�m)

Type I 100 25 2.0 75
50 1.7

100 1.6
Type II 75 10 5.5 77

50 4.0 89
20 3.4 96
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similar to predicted values in ROM. Therefore, the inter-
metallic fracture strength of type II was higher than two
times that of type I, and this must have changed tensile
behavior according to intermetallic volume fraction.

The typical fractured surface [Fig. 4(b)] of the micro-
laminated composites shows that the metal suffers
pyramid-shaped ductile fracture by shear lag condition at
the interface of intermetallic/metal while the intermetal-
lic shows brittle fracture. It is clear that the shear lag
model needs some assumptions but gives the fundamen-
tal information for intermetallic fracture strength.

C. Fracture properties of NiAl/Ni
micro-laminated composites

1. CTOD and KR-curve behavior

Knowing the yield strength and elastic modulus ob-
tained from the tensile tests of micro-laminated compos-
ites, COD is converted to the relevant CTOD using
Eq. (6) for SENB specimens. When the intermetallic vol-
ume fraction increases, CTOD of micro-laminated com-
posites decreases as shown in Fig. 7. According to the
Zok group’s results on the toughness of composites,24,25

the increase of initiation toughness is related to the in-
creasing volume of material that participates in the plas-
tic deformation ahead of the notch. Therefore, CTOD
increase of micro-laminated composite directly depends
on the volume fraction increase of metal layer, which is
plastic deformed. Type II specimens have higher CTOD
values than type I. CTOD results show behavior similar
to tensile properties depicted in Fig. 3 and highly depen-
dent on the tensile parameters such as plastic constraints
and elastic-plastic properties.

From the tensile and CTOD results, it is apparent that
the source of the fracture toughness in the micro-
laminated composites is associated principally with the

bridging of a ductile metal layer. However, apparent frac-
ture toughness by CTOD may overestimate the real ma-
terial properties by large damage zone present ahead of
the initial notch.26 The contribution to the toughness due
to metal layer can be quantitatively analyzed by KR-
curve behavior. Recent work done on KR-curve tough-
ening in other micro-laminated composites shows that
LSB more appropriate than the SSB model for applica-
tion to particle-reinforced composites.27 For LSB condi-
tions, the bridging contribution of the metal layer for
fracture toughness increase of micro-laminated compos-
ites depends on the given traction distribution, crack
length, and specimen geometry and can be expressed as28

�K = 2 �
b

a
G�x, a, w���x�dx , (8)

where �(x) is the traction as a function of distance x
behind the crack tip, G(x, a, w) is the weight function, a
is crack length from edge, and b is crack length from
edge at the crack initiation. �(x) is related to the con-
strained flow stress of the metal reinforcement and the
assumption of constant traction function appears to be
reasonable.27 G(x, a, w) for SENB specimen can be de-
fined as shown in Ref. 29. If the bridging contribution is
superposed on the intrinsic toughness of micro-laminated
composites, the overall toughness K for a given loading
condition can be calculated by

K = K0 + �K , (9)

where K0 is toughness at crack initiation. Experimental
results on 100 �mNi/100 �m Al specimen of type I are
overlayed on calculated KR-curves in Fig. 8(a), and the
bridging traction of micro-laminated composite is posi-
tioned to the range of 250–300 MPa. The bridging trac-
tions of every other micro-laminated composite are also
positioned in the same range. Figure 8(b) summarizes

FIG. 6. Relationship between normalized multiple cracking distance
and ratio of intermetallic strength to unconstrained metal yield strength
according to shear-lag model.

FIG. 7. CTOD values of type I and type II specimens as a function of
intermetallic volume fraction.
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results of the experimentally measured values compared
to calculated KR-curves with the assumption of constant
bridging traction (� � 270 MPa). In some of specimens,
delamination occurred at the center of intermetallic layer
and a KR-curve could not be obtained, but all they
showed higher fracture toughness than those of mono-
lithic intermetallic (Ko,NiAl � 4 to 6 MPa √m)21 and
particle or reinforced composites.27 Concave types of
KR-curves of these laminates prove the fracture tough-
ness following LSB models very well.30 The intrinsic
fracture toughness (K0) of type II micro-laminated com-
posites is higher than that of type I micro-laminated com-
posites. The intrinsic fracture toughness depends on the
toughness of the matrix and reinforcement and the posi-
tion of the initial crack. Thus, the higher intrinsic fracture
toughness of type II micro-laminated composites is due
to the higher strength than type I micro-laminated com-
posites as shown in Fig. 3. CTOD results of Fig. 7 also
represent that type II micro-laminated composites would

have higher intrinsic fracture toughness. As mentioned
previously, bridging traction can be related to the plastic
constraint of metal layer, and Hwang and Chang14 intro-
duced the plastic constraint parameter (�) characterizing
the constraint from the adjacent layers in the laminate
and reflecting the stress triaxiality. For plane strain con-
ditions based on elastic fracture mechanics, as in Hwang
and Chang’s study, the normal stress component to the
crack direction �yy gives

�yy =
�y

1 − 2�
= ��y , (10)

where � and �y are the Poisson’s ratio and unconstrained
yield strength, respectively, of metal. Typical values of �
and � are 0.33 and 2.94, respectively. Hence, the bridging
traction is almost three times the yield stress. If the yield
stress is assumed to be near 90 MPa as measured, the
bridging stress from the plastic constraint is 270 MPa.
This value is within the range of bridging stress obtained
from experimental KR-curve.

2. Transition of fracture mode

Figure 9 shows the microstructures showing the
change of fracture modes according to intermetallic vol-
ume fraction in type I specimens. When the intermetallic
volume fraction increases, the fracture mode changes
from the multiple cracking to the single cracking. Shaw
et al.13 suggested that the fracture mode in the metal/
ceramic multilayer system was determined by the rela-
tive magnitudes of the stresses around crack tip depend-
ing on the thickness of the metal and ceramic layers, the
crack length, the strength distribution of the ceramic, and
the flow properties of the metal. They showed that the
fracture mode could be changed by calculating the crack
tip (�tip) and crack wake stress (�wake) for the specific
specimen geometry. When the metal volume fraction ex-
ceeded critical value (fm > 0.6), stress distribution tran-
sition occurred and fracture mode was changed. Hwu and
Derby16 combined these two stresses to single implicit
equation as

1 = ��tm
tc

+ 1 − �tm
tc
�−1

fI�lR
tc

,
lR
x
�

+
�e

�c
fII�tm

tc
,

lR
tc

,
x

tc
� , (11)

fI� y

tc
,

y

x� =
1

2�2
� y

tc
�1�2

�
��2

��2+arctan�y�tc�−1

cos ec2	 cos�	

2�
�1 + sin�	

2� cos�3	

2 ��d	 , (12)

FIG. 8. Comparison of experimentally measured value with calculated
KR-curve (a) in type I and (b) summarized results compared with other
researchers’ results.16,27
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fII�tm
tc

,
lR
tc

,
x

tc
� =

1

� �−1

0
�� + sin� cos
�d�x�tc� , (13)

where �e, �c, tm, tc are metal bridging stress, ceramic
fracture strength, metal thickness, and ceramic thickness.
lR/tc has the same meaning as Eq. (7) defined under shear
lag conditions at the interface of metal/intermetallic. The
conditions for dominant cracking mode were thus ex-
pressed: when �tip < �c and �wake � �c, multiple crack-
ing dominates, and when �tip � �c and �wake < �c, single
cracking dominates.

In the case of metal/intermetallic micro-laminated
composites system, this governing equation can also be
applied because we already verified the validity of linear
elastic fracture mechanics and shear lag condition by
KR-curve and tensile tests. Experimentally measured

relative thickness ratio of metal/intermetallic and ratio of
bridging stress of metal to intermetallic fracture stress are
superimposed on the curve calculated by Eq. (11) and
displayed in Fig. 10. The apparent fracture mode is in
good agreement with the theoretical predictions even
though the strength ratio of metal and intermetallic is not
constant due to the gradient microstructure of interme-
tallic/metal laminates. As a result, the fracture properties
of intermetallic/metal laminates also are affected by the
concentration gradient of intermetallic layer.

IV. CONCLUSIONS

Microstructures of two types of micro-laminated com-
posites fabricated by reaction synthesis showed different
concentration gradient and volume fraction depending on
initial foil thickness. The different microstructure led to
the different tensile strength behavior according to inter-
metallic volume fraction. Multiple cracking during ten-
sile loading of micro-laminated composites could be re-
lated to the shear-lag condition satisfied at the interme-
tallic/metal interface. The intermetallic fracture strength
deduced from the shear-lag analysis was similar to the
results obtained by ROM analysis.

It was confirmed by CTOD and tensile behavior that
the fracture toughness enhancement of intermetallic/
metal micro-laminated composites was due to bridging
traction by ductile metal layer. KR-curve test results
showed higher and increasing fracture toughness of the
micro-laminated composites than the monolithic inter-
metallic, and the bridging traction based on LSB model
was estimated to be 250–300 MPa, which was about
three times of yield strength of annealed pure Ni foils.
Fracture mode transitions from single to multiple fracture
in intermetallic/metal micro-laminated composites were
explained by a combined model of LEFM and shear lag
model as applied previously in a metal/ceramic system.

FIG. 10. Fracture map showing the multiple cracking and macro-
scopic single cracking.

FIG. 9. Microstructures showing the change of fracture mode from
(a) multiple cracking (100 �m Ni/25 �m Al) to (b) single cracking
(100 �m Ni/100 �m Al) as intermetallic volume fraction increases in
type I micro-laminated composites.
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Mechanical properties of intermetallic/metal laminates
were more affected by concentration gradient than metal/
ceramic laminates with unique interfaces, resulting of the
variable relative strength of metal and intermetallic.
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