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ABSTRACT

Heterogeneous Ti-W metal-metal composites were designed in this study. The effects of W particles
on microstructural evolution and strengthening mechanisms were investigated. There was slight
diffusion between W particles and Ti matrix. After hot-and-cold rolling, the composites can form
high-density hetero-structures. The heterogeneous composites exhibit a better strength-ductility
combination, compared with the traditional titanium-matrix composites with uniformly distributed
ceramic particles. The hetero-deformation-induced (HDI) strengthening was analyzed, and a new
interface stress model was proposed to evaluate the HDI stress. The HDI stress values obtained
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from the new interface stress model agreed better with the experimental results than the traditional

method.

IMPACT STATEMENT

Heterogeneous Ti-W composites have a good strength-ductility combination due to strong HDI
strengthening effect. A new interface stress model is proposed to evaluate the HDI stress based on
residual plastic strain energy, leading to a more reasonable estimated result.

1. Introduction

Titanium and titanium alloys are widely used in air-
plane, aerospace and biomedical fields due to their excel-
lent specific strength and corrosion resistance [1,2]. The
strength of titanium alloys can be significantly enhanced
by introducing reinforcements, such as TiC and TiB, to
form titanium matrix composites (TMCs) [3,4]. After the
introduction of ceramic reinforcements, the strength of
TMCs improves remarkably through dislocation pile-up,
but the plasticity reduces dramatically (1 ~3%) [5,6]. The
piles-up and accumulation of dislocations usually occur
at the interface between the titanium matrix and the
ceramic reinforcements, leading to stress concentration
and then premature fracture in TMCs.

Titanium matrix metal-metal composites (TMMCs),
instead of ceramic reinforced composites, exhibit an
excellent combination of strength and ductility [7-9]. In
TMMC s, such as Ti-Ta and Ti-Mo composites [9,10],
the interface between titanium matrix and metallic rein-
forcements is compositionally continuous with coher-
ent structures. In such interface, strain gradient always
occurs during the plastic deformation, causing plas-
tic strain partition where the ductile phase will bear
more plastic strain than the hard phase, and can
improve strength and ductility synergistically. Such
extra strengthening in TMMCs is so-called hetero-
deformation induced (HDI) strengthening [11,12]. In
order to evaluate the effect of HDI strengthening, Zhu
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etal. [13] have proposed a model to calculate the value of
HDI stress during the deformation. But in this HDI stress
model, all internal stresses opposite the movement of dis-
locations were roughly replaced by frictional stress. The
calculated value of HDI stress can describe the degree
and tendency of the HDI strengthening effect, but cannot
evaluate the increment of strength like other strength-
ening effects in alloys [14]. Therefore, it is important
to reconstruct a new model to establish a relationship
between HDI stress and strength.

In this work, we developed Ti-W composites with
heterogeneous structure. The effect of W particles on
the microstructural evolution and mechanical behavior
of Ti-W composites were investigated, and a theoretical
calculation of HDI stress was conducted.

2. Materials and methods

The process of heterogeneous Ti-W composites is
schematically shown in Figure 1(a). High purity (>
99.8%) Ti powders (40 ~ 45 um) and W powders (2~ 4
pum) were mixed by low-energy ball-milling for 8 h under
argon atmosphere. Subsequently, the as-prepared Ti-W
powder mixtures were hot-pressed at 1100°C for 1h
under a pressure of 25 MPa. Then, the as-sintered billets
with a size of 40 x 80 x 10 mm? were hot-rolled to a reduc-
tion of 50% at 700°C. In addition, the billets were held at
700°C for 30 min before hot-rolling, and the reduction of
each pass was 1 mm. Subsequently, the hot-rolled sheets
were cold-rolled to a reduction of 35% with a reduction of
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0.1 mm at each pass. The effect of hot-and-cold rolling is
to obtain fully dense and high-strength Ti-W composites.
Ti-W composites reinforced with 5 ~ 30 wt.% W particles
were prepared, which were respectively labeled as Ti-5W,
Ti-10W, Ti-20W and Ti-30W.

Uniaxial tensile tests and load-unloading-reloading
(LUR) tensile tests were conducted on an Instron 8802
machine at a strain rate of 11072 s~! at room temper-
ature, and the tensile strain was measured by using an
extensometer. A total of four I-shaped tensile specimens
were cut from the as-rolled sheets with a gauge length of
10 mm and a rectangular cross-section of 2 mmx2 mm.
During the LUR test, the specimen was loaded to a strain
of 2% at a strain rate of 1 x 10~ s~, followed by unload-
ing to 50 N at the same strain rate, and then reloaded
with a strain increment of 1.5%. In-situ tensile tests were
performed by employing in-situ loading stage, which
was fixed in the scanning electron microscopy (SEM,
MIRA 3). The in-situ tension specimens were double-I-
shaped with a gauge length of 1.5 mm and a rectangular
cross-section of lmmx2 mm, as shown in Figure SI1.
The in-situ tensile tests were conducted at a displace-
ment rate of 1 um/s at room temperature. Under certain
load conditions, the tests would be paused to record the
crack initiation and propagation. The phase constitu-
tion was identified by using X-ray diffraction analyses
(XRD, Advance D8), and the microstructures were char-
acterized by using a scanning electron microscope (SEM,
Nova NanoSEM230) equipped with an Energy Dispersive
Spectrometer (EDS).
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Figure 1. The fabrication of heterogeneous Ti-W composites: (a) The schematic diagram about the preparation process; (b) Ti powder;
(c) W powder; (d) Ti-W mixed powder; As-sintered microstructure of (e) Ti-5W, (f) Ti-10W, (g) Ti-20W and (h) Ti-30W; XRD patterns of Ti-W

composites (i) before rolling, (j) after rolling.
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3. Results

Figure 1(b-d) shows the morphology of Ti powders, W
powders, and Ti-W powder mixtures. Obviously, the as-
received spherical Ti powders disperse uniformly, with
particle sizes ranging from 40 to 45 um (Figure 1(b)). The
fine W powders have irregular shapes, with particle sizes
ranging from 2 to 4 um (Figure 1(c)). After low-energy
ball-milling, W particles are adhered to the surface of
the Ti powders (Figure 1(d)), which is beneficial to form
hetero-interfaces [15]. The microstructures of the hot-
pressed Ti-W composites are illustrated in Figure 1(e-h).
In Ti-5W and Ti-10W, W particles are separated by tita-
nium matrix (Figure 1(e-f)), due to the low content of
W. But, in Ti-20W and Ti-30W, the W particles form
a regular network structure with a grid size of about
45 pm (Figure 1(g-h)) in the titanium matrix. Besides,
the magnified images of microstructure are shown in
Figure S2, which indicates that the lamellar « and B
phases are alternately distributed around the W particles.
Therefore, the heterogeneous Ti-W composite mainly
consists of o-Ti, B-Ti, and W particles, similarly veri-
fied by XRD patterns (Figure 1(i)). Furthermore, it was
found that there was no new phase in all composites after
rolling (Figure 1(j)), but the content of 8 phase reduced
obviously.

Figure 2 shows the structural characterization of the
heterogeneous Ti-W composites after rolling. The net-
work microstructure was elongated along the rolling

direction (RD), and flattened along the normal direction
(ND), as shown in Figure 2(a-b, d—e). It should be noted
that W is a §-stabilizing element, which can promote the
formation of the 8-Ti phase around the Ti/W interface.
The compositional analyses of Figure 2(c, f) further con-
firmed the diffusion between Ti and W. The W particles
were dissolved with ~10% Ti, while the width of the
inter-diffusion zone is about 2 pm.

The tensile properties of the heterogeneous Ti-W
composites are illustrated in Figure 3(a-b). The details
are provided in Table 1. Both the ultimate tensile
strength (UTS) and yield strength (YS) of Ti-W com-
posites increase with W contents, while the ductility
decreases gradually. Ti-30W has a high tensile strength
of 1135 MPa, which is 75.4% higher than that of pure
Ti. A comparison in UTS vs elongation of the pre-
sented heterogeneous composites with other conven-
tional TMCs reinforced by ceramic particles is exhib-
ited in Figure 3(b) [5,6,16-24]. The strength of TMCs
reinforced by ceramic particles can be enhanced to
about 1000 MPa, but the plasticity drops sharply to
less than 5%. Instead, the heterogeneous Ti-W compos-
ites show a good combination of strength and ductil-
ity. The in-situ tensile observation of Ti-20W is shown
in Figure S3. Cracks initiated and propagated in the
titanium matrix, but underwent hindered at the front
of W particles. A lot of tearing edges around the W
particles can be seen from the fracture morphology
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Figure 2. Microstructures of Ti-W sheets (a—b) Ti-5W, (c) the line scanning patterns near W particles, (d)-(e) Ti-30W, (f) corresponding

EDS pattern of (d).



True Stress (MPa)

True Strain (%)

120 VA, B A0, N Ao, [[IIAc,

®
=1

Ao (MPa)

20

I

ll

Ti-10W Ti20W | Ti-30W

=

i-SW

MATER.RES.LETT. (&) 355

1400
(b) TV/TiB
O Ti(TiB+TiC)
£ 1200 | o A TVTiC
QE; o ° * % This work
%
£ 1000 f- *
14
= *
R -
= o
E_ 800 |9 2 = .
A
. fa”,
= A
£ 600 | a A&
5 A

400 1 1 1 1 1 1 1 1

(d) 1100

1000 |-

o (MPa)
e
g
L}

/

Calculated

800 -

700 1 . 1 . 1 . 1 . 1 " 1
5 10 15 20 25 30

W content (wt.%)

Figure 3. Tensile properties of Ti-W composites (a-b) and the analysis of conventional strengthening mechanisms in Ti-W composites
(c—d): (a) true stress-strain curve, (b) comparison of tensile properties with other TMCs materials reinforced by ceramics, (c) the contribu-
tion of various strengthening mechanisms, (d) the comparison between the calculated value of the yield strength and the experimental

value.

(Figure S3(j-k)). Therefore, the Ti matrix shows high
plasticity.

4. Discussion

Generally, strengthening mechanisms of alloys include
solid solution strengthening (Aoc,), grain-boundary
strengthening (Ao,), and dislocation strengthening
(Ao g) [25]. In this study, when the composite was
loaded, W particles can hinder the movement of disloca-
tion in the Ti matrix (Ao w). Therefore, the yield strength
of Ti-W composites (0y,.) can be calculated as following:

Oyc = 00,11 + Aog + Aoy + Aos + Aow (1)
where o, 1; is the yield strength of Ti matrix, which
is 619 MPa obtained from pure Ti fabricated through
the same powder metallurgical method. Here, the corre-
sponding calculation equations and material parameters

for the above strengthening mechanisms are detailedly
shown in Table 2 [26-38].

The increments in yield strength caused by various
strengthening  mechanisms are illustrated in
Figure 3(c-d). The increments from grain-boundary
strengthening and dislocation strengthening are very
close in Ti-W composites, because the composites have
gone through the same rolling process, and the change
in the grain size was slightly influenced by the content
of W. On the contrast, the solid solution strengthening
and W particle strengthening exhibit significantly posi-
tive correlations with the content of W. Thus, the effects
of the introduction of W particles on the strengthening
behavior could be summarized as follows. Firstly, the dis-
solution of W particles in the Ti matrix causes remarkable
solid solution strengthening. Secondly, the W particles
can directly bear the stress transferred from the Ti matrix
and act as strengthener. And thirdly, the increased den-
sity of the Ti/W interface induces more accumulation
and pile-up of dislocations, which further enhance the
strength.

Based on the evaluation of the above strength incre-
ments, the yield strength of Ti-W composites can be
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calculated by Equation (1), as shown in Figure 3(d). It is
clear that the trend of the calculated yield strength is simi-
lar to the experimental results, but there is an obvious gap
between the calculated values and the experimental val-
ues, and the gap increases with the increase of the W par-
ticles. Therefore, there could exist an extra strengthening
mechanism owing to the heterogeneous structure, called
as HDI strengthening [14,39]. The contributions of HDI
strengthening can be evaluated by the LUR experiment.
The hysteresis loop indicates the Bauschinger effect, and
shows the relationship between the HDI stress and the
flow stress. The unloading and reloading curves of four
Ti-W composites are illustrated in Figure S4. Usually, the
HDI stress (oupi) can be estimated by [13]:
(or + ou)

OHDI = ———— (2)

where the stress o, and o, are the yield stress in the
reloading and unloading process. Each yield point was
defined as the point which has a 10% reduction in slope
from the effective elastic modulus. In order to clearly
define the yield point, every loop is fitted as a polyno-
mial function [40]. The values of HDI stress are plot-
ted and fitted by a polynomial function, as shown in
Figure 4(a). Obviously, the HDI stress of four Ti-W
composites increases with the strain, which means that
the contribution of HDI strengthening becomes stronger
with the increase of strain. Furthermore, it is found that
the HDI stress also increases with the increasing of W

particles. The HDI stress of Ti-30W is about 200 MPa
higher than that of Ti-5W at a total stain of 2%. This indi-
cates a stronger HDI strengthening in Ti-W composites
with high content of W particles. Because the continuity
of W particles increases with the content of W particles.
The high-density hetero-interfaces can strongly affect the
plastic deformation of Ti matrix, which results in a large
strain gradient [25], and thus, strong HDI strengthening.

However, the values of HDI stress calculated by
Equation (2) are much higher than the strength gap
shown in Figure 4(c). Although the HDI strengthening
value cannot be simply added to Equation (1), it may be
much overestimated.

In order to reconstruct the relationship between HDI
stress and strength, we propose a new model in terms of
residual plastic strain energy. At first, we define the plastic
strain energy due to the internal stress:

W=0a-¢ (3)

where W is the plastic strain energy, ¢ is the average
internal stress in the plastic deformation process, and ¢,
is the plastic strain. In the process of LUR, due to the exis-
tence of back stress, partial strain energy will be restored
during the unloading process. Therefore, the increment
of the strain energy (W) during the first loading and
unloading process is:

W1 =/01d8—/01/de (4)

(a) (b)s0 (©
550 |1 Ti-30W <o |1
Ti-30W
_______ 1
s00 - RN, +9,)i 2001 400}
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Figure 4. Analyses of HDI stress based on LUR tests: (a) HDI stress calculated by conventional model; (b) Interface stress calculated by
new model; (c) The HDI value obtained by two methods (when € = 2%); Schematic diagram of plastic strain energy calculation in (d)
the first loading and unloading circuit, and (e) the ith loading and unloading circuit.



where o] is the internal stress during the first loading
process, and oy’ is the internal stress during the first
unloading process. As shown in Figure 4(d), the terms of
Equation (4) can be decomposed into two parts, elastic
and plastic ones:

[orde = fOSyl Oerde + f;yll op1de

’

[ o1'de = ;yll, oe1'ds + f;ly/l op1'de )
where o1 and 0y are the elastic internal stress and plas-
tic internal stress during the first loading process, o1’
and op1” are the elastic internal stress and plastic internal
stress during the first unloading process. The separation
of elastic and plastic deformation is at a strain point of
&y1 during the first loading process and at a strain point
of £,1" during the first unloading process. We assume that
the elastic strain energy can be fully recovered. The strain
energy during the first loading and unloading process,
that is, the plastic strain energy W can be expressed by
the following equation:

€1 8},1/
Wl = er — Wul = / O’pldé‘ —/ O’pl/dé‘ (6)
& &

)1 iy

where W, is the increment of plastic strain energy dur-

ing the firstloading, and W,,; is the change value of plastic

strain energy during the first unloading. According to the
flow stress equation in the plastic deformation process:

{ op1 = Ke" (loading) )

op1’ = 0¢; — K(e1 — ¢)" (unloading)

where ¢ is the strain during loading and unloading, o,
is the stress at the end of first loading, K is the strength
coefficient, and # is the strain hardening exponent repre-
senting the uniform-deformation ability. During the first
loading process, when the strain is Eyls the yield stress o1
is:

Oy1 = Kgyln (8)

Substituting Equation (8) into Equation (7), we can get:

n
&
op1 = oy (;) ©)
y

For many titanium alloys, the ability of strain harden-
ing is very limited, and the value of # is about 0.05 [41].
In this work, the Ti-W composites also exhibit limited
strain hardening as shown in Figure 3(a), and it can be
deduced that the value of n is very close to 0. In order to
simplify the calculation, we could make an approxima-

n
tion: (i) ~ 1. Similarly, the approximation could also
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be made during the first unloading process. Equation (6)
can be calculated as

€1 6},1/
W1 = / Gyldé‘ —/
£y1 &1’

Y

oy1'de = oy, (61 — €y1) — 0y, (61" — €1") (10)

Subsequently, we assume the elastic strain is equiva-
lent during the loading and unloading process: £y; — 0 =
&1 — &y1’. This approximation is reasonable because the
elastic strain energy produced during the loading process
can be fully recovered during the subsequent unload-
ing process. Besides, the elastic modulus of loading and
unloading are similar, and the strain hardening is weak
in the current Ti-W composites, which help to result in
a similar elastic strain during the loading and unload-
ing process. Meanwhile, we introduce an average internal
stress 6, during the first loading and unloading process:

Gr - (61— 0) = W1 = (g1 — &y1)(0y, — 0y,)
+Gy1/(81/ - 0)

- (er—gy)

On = o —g) @ ~on)+on’ (D

Therefore, the average internal stress 6, in the ith loading
and unloading loop can be extrapolated as:

oy = GYi/ + AA_:/(O)/,- - Uy,-/) (12)
where Ag; is the plastic strain during the ith loading pro-
cess, and Ag;’ is the residual plastic strain during the ith
loading and unloading process, as shown in Figure 4(e).
The average internal stress obtained from Equation (12)
is generated during the loading and unloading process
of the composite. In heterogeneous materials, internal
stress is mainly caused by the accumulation and reaction
of dislocations at the hetero-interfaces, so here the inter-
nal stress was replaced by the interface stress. In order
to obtain the increment of plastic strain energy (AW;)
caused by Ti/W interfaces at the ith loading and unload-
ing loop, the plastic strain energy can be considered as
the combined results from the contribution of the matrix
and the introduction of W particles, and thereby the A W;
can be expressed as:

A‘/Vi = Wi - Wmatrix (13)

- / — ;= ’
Ointerface - A& = Oy, * A€ — Omatrix + A& (14)

where W; is the total change of plastic strain energy
and Watrix is the change of plastic strain energy from
the matrix during the ith loading and unloading pro-
cess. Here, the increments caused by strain hardening
were both ignored for calculating W; and W patrix, since
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the strain hardening is very weak in the Ti-W com-
posites. Then, omatrix can be approximately replaced by
the yield strength of the composites at the first loading
in the LUR experiment. Therefore, the interface stress
(Cinterface) caused by the introduction of W particles dur-
ing the LUR process is as follows:

Ag;
- 12 1 /
Ointerface = Oy; + A_y(GYi — Oy; ) — Oyl (15)
i

However, oy, is calculated based on the total change of
plastic strain energy (W;) of the composite with W par-
ticles. Therefore, the calculation of Gipterface includes the
strengthening effect by the Ti/W interfaces and the work
hardening of titanjum matrix dislocation strengthening.
Both effects of strengthening are related to dislocations
at the interface. The former is caused by the accumula-
tion of GNDs at the interface of Ti and W, and the latter
is caused by the accumulation of mobile dislocations at
the grain boundary or at the phase interface of «-Ti and
B-Ti. Therefore, Equation (15) can be reasonably used
to estimate the interface stress induced by heterogeneous
structure. It should be noted that for other alloys with
high n-value, such as Al2024 alloy (n = 0.2) [41], the
expression of Equation (10) will become more compli-
cated due to the invalid of approximation in Equation
(9). Therefore, the new interface stress is reasonable just
for those alloys with low n-values to evaluate the HDI
strengthening effect.

According to Equations (15), the interface stress values
of Ti-W composites are calculated, shown in Figure 4(b).
The values of interface stress increase by the strain. The
first hysteresis loop finished when the total strain is
around 2%, and the corresponding HDI values were cal-
culated by the two methods (Figure 4(c)). It is apparent
that the HDI value obtained by the new interface stress
model is closer to the strength gap than that calculated by
using the traditional method. Therefore, the new inter-
face stress model can evaluate the values of the HDI
strengthening effect more reasonably.

5. Conclusion

In summary, heterogeneous Ti-W metal-metal compos-
ites have a better combination of strength and ductility
than traditional TMCs reinforced by ceramic particles.
The HDI strengthening is the dominant strengthening
mechanism in Ti-W composites. It seems that the HDI
strengthening value was overestimated by using the tradi-
tional method, and thus, a new interface stress model was
proposed in terms of residual plastic strain energy. The
calculation indicates that the results are more reasonable
to describe the HDI strengthening.
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