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Abstract: The ZrO»(2Y)/TRIP steel composites were prepared by vacuum hot- pressing sintering. The room tempera-

ture static tensile and dynamic yield strength were tested using the static tensile and Split Hopkinson Pressure Bar meth-

ods, respectively. The effects of load mode on the static and dynamic mechanical behaviors were studied. The results show

that the static tensile strengths of the composites decrease with the increase of ZrO, content, for the weak bonding of

Zr03/ZrO,. Under the dynamic load, the matrix TRIP steel produces the martinsitic phase transformation, which im-

proves the dynamic strength and deformation ability of the composites. When the volume fraction of ZrO; exceeds 20%,

the strair hardening coefficient and the dynamic deformation ability of the composites decrease.
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1 INTRODUCTION

Armour materials bear the high-speed striking
load. So it is beneficial to the ballistic properties of
the materials by improving the absorbed energy under
dynamic load or inducing the phase transformation
strengthening during the absorbing energy pro-
cess' "?l. Transformation induced plasticity steel
(TRIP) has the good transformation plasticity, high
room temperature static strength and good welding
property and is a promising armour material >
ZrOy has high strength, high hardness and good
chemical consistent properties when it is compounded
with steel ™!

rately studied the static room temperature mechanical

In the past, many researchers sepa

properties and stress-induced phase transformation of

these two materials' * '

. However, the dynamic me-
chanical properties and the properties of the compos-
ites comprised of these two materials have scarcely
been reported. The present research is initiated to
process a new ZrO»(2Y)/TRIP steel composite and
study the effect of ZrO, content on the static and dy-

namic mechanical properties of the composites.

2 EXPERIMENTAL

Partially stabilized zirconia ( PSZ, 2% yttria,
mole fraction), with the average grain size of 0. 65
HPm, was used as the raw material. Its composition is
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listed in Table 1. The XRD result shows that the
powders consist of ¢ phase(22%, volume fraction)
and m phase(78% , volume fraction) .

Table 1 Chemical compositions of ZrO,(2Y)

pow ders ( mass fraction, %)

710, ALO; Y,05 Si0,
96. 32 < 0.02 3.60 < 0.017
Fey05 Na,0 MgO Ca0
< 0.01 < 0.01 < 0.01 < 0.01

TRIP steel powders were processed as follows:
20 grade steel pow ders were mixed with CrFe, Mn-
Fe, MoFe and pure Ni according to Table 2. The
mixture was then melted at 1 600 C in a vacuum and
poured into a bar of 35 mm in diameter after being
deoxidized by B sand. Then the bar was atomized by
nitrogen gas into steel powder with an average parti-
cle size about 40 Hm. A series of composites were in-
vestigated in this study, whose composition is pre-
sented in Table 3. The ZrO, and TRIP steel powder
were mixed in alcohol for 30 h, and then vacuum hot
pressed after drying. Accor-ding to our previous
work, the sintering technique was determined as
1250 C/1.7x% 10" 'Pa/20 MPa/30 min''" ', and

the increasing temperature rate 20 ‘C/ min.
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Table 2 Chemical compositions of
TRIP steel powders ( mass fraction, %)

C Cr Mn Ni Mo Si Fe

<0.18 850 1.10 4.50 3.70 1.70 Bal

Table 3 Compositions of composites
( volume fraction, %)

Type of composite Composition of composite

TZ10 TRIP steel+ 10% ZrO,(2Y)
TZ15 TRIP steel + 15% Zr0,(2Y)
TZ720 TRIP steel + 20% ZrO,(2Y)
TZ25 TRIP steel + 25% ZrO0,(2Y)
TZ30 TRIP steel + 30% ZrO,(2Y)
TZ35 TRIP steel + 35% Zr0,(2Y)

The static tensile strengths of the composites
were measured at the room temperature using In-
stron-5500 machine, with the crosshead rate of
0.5 mm/s, and the bar gauge is shown in Fig. 1.
The dynamic mechanical properties of the composites
were measured by Split Hopkinson Pressure Bar( SH-
PB) method, with the bar gauge of 6 mm X 6 mm X 6
mm and the strain rate of 2.5 x 10> s”'. The
schematic of Hopkinson experiment is shown in
Fig.2. And the fracture morphology of the compos-
ites was evaluated using SEM.
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Fig. 1 Bar gauge of specimen
for static tension

3 RESULTS AND DISCCUSION

5

3.1 Static tensile strength of ZrOQ,(2Y)/ TRIP steel
composites

Static tensile load —elongation curves of the ZrO,
(2Y)/TRIP steel composites are shown in Fig. 3.
The straight trend of the data suggests that the com-
posites characterize with brittle fracture under static
tensile load. The dependences of elastic modulus and
static tensile strength of the composites on the ZrO,
content are shown in Fig. 4 and Fig. 5, respectively.
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Fig. 2 Schematic of SHPB test
1 —Bullet; 2 —System of velocity measurement;
3 —Impact bar; 4 —Sample; 5 —Output bar;
6 —Damper; 7 —Strain gauge;
8 —Wave from memory; 9 —Superdynamic gauge;
10 —Digital oscilloscope; 11 —Micro computer
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Fig. 4 Elastic modulus of composites
as function of ZrO, content

With the increase of ZrO, content, the tensile
strength and the elastic modulus of the composites de-
crease monotonously. When the volume fraction of
Zr0; changes from 10% to 35%, the strength and
the elastic modulus of the composites decrease from

470 to 165 MPa, and from 1 850 to 1 350 M Pa,
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Fig. 5 Static tensile strength of
composites versus ZrO content

respectively. The dependence of Vickers hardness of
the composites on the ZrO, content is shown in
Fig. 6, indicating that the hardness tested before and
after tensile experiment show little variation and it
only varies with the ZrO; content. It proves that no
phase transformation is induced by the static tensile
load in the ZrO,(2Y)/TRIP steel composites.

550

8 — Before deformation
500+ o — After deformation

450
400

350

Vickers hardness/GPa

300

250 ; ~ : :
0 15 20 25 30 35
0(Zr0y)/%

Fig. 6 Vickers hardness of composites
as function of ZrO» content

Under the static tensile load, the stress, strain
as well as the deformation along the length of the
samples are not uniform in the ZrO,(2Y)/TRIP steel
composites. The soft TRIP steel is deformed firstly,
on the contrary, the ZrO; with high hardness is de-
formed a little. The deformation mismatch between
Zr0O7 and TRIP steel leads to the high stress concen-
tration at their interfaces, which increases with the
increase of deformation of the TRIP steel. The stress
concentration takes effect on the small zone of ZrQ,/
TRIP interfaces and influences several layers of ZrO»
particles near the interfaces. Due to the low sintering

temperature, the strength of ZrO,/ ZrO, interfaces is
lower than that of ZrO,/ TRIP ones. As aresult, the
crack initiates at the ZrO,/ ZrO, interfaces firstly, and
then propagates when reaching the critical size,
which finally results in the fracture of the composites.
According to Smiths none uniform deformation mod-
el, the fracture stress is described as

E( 1+ Ui K%; Y;\
O= TCE (1)

In the 20% ZrO,(2Y)/TRIP( volume fraction)
10. 45
MPa*m"? which is tested by the experiment, and
the Poisson ratio Uis 0.3, and that of Y.is 3.5 J/

m?. The calculated fracture stress according to

Eqn(1) is 277.99 M Pa, which is near the tested val-

ue.

steel composites, the value of K¢ is

Fig. 7 shows the SEM micrographs of the frac
tural surface of the static tensile samples, which can
verify the foregoing statement. It can be seen that the
microcracks initiate at the ZrO,/ ZrO, interfaces. Af-
ter ball milling, the average grain size of TRIP steel
particles becomes smaller, but it is still much larger
than that of ZrO; particles. As aresult, the fine ZrO,
particles distribute among the gaps of coarse TRIP
steel particles and destroy the connectivity of the ma
trix in the composites. Due to the low sintering tem-
perature (1 250 C), the bonding between the ZrO;
particles is weak. When the applied stress is induced,
the crack can easily propagate along the weak ZrO,/
ZrO; interfaces and can connect circling one or several
TRIP particles. The weak bonding between particles
finally leads to the brittle fracture of the composites.
With the increase of ZrO; content, the weak ZrO»/
ZrO, interfaces increase, thus the tensile strength and
elastic modulus of the composites decrease.

3.2 Dynamic yield strength of ZrO;(2Y)/ TRIP
steel composites

Fig. 8 shows the dynamic stress —strain curves

for ZrO, (2Y )/ TRIP steel composites.

with the static ones,

Compared
the dynamic stress —strain
curves consist of elastic-plastic and plastic deformation
regions. Also, the composites show the evident dy-
namic yield. The dynamic yield strength of the com-
posites increases with increasing ZrO> content up to
30% ( volume fraction), then decreases. When the
Zr0O; content is 10% ( volume fraction), the dynamic
yield strength of the composites is 1 250 M Pa, which
is 2.5 times larger than the static tensile strength. It
can be concluded that the load mode can efficiently
take effect on the mechanical properties of the com-
posites. The composites show the better deformation
ability under the dynamic load than that under the
static one.

Fig. 9 shows the impulse waveform of the
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Fig. 7 SEM fractographs of static tension of ZrO2(2Y)/TRIP steel composites
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Fig. 8 Dynamic stress —strain curves

of ZrO,(2Y) TRIP steel composites

input bar. The propagation velocity of the stress

wave U= 'EQ is so fast and the specimens are so

small that the stress can reach a balance in a short

t/us

Fie.9 Wave figure of SHPB input bar

time and can be processed by the quaststatic
method. Fitting the curves in Fig. 8 by the traditional
Hollomon Eqn(2) and then taking the logarithm of

Eqn(2) yields a new Eqn(3):
0= A€ (2)
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In 0=1In A+ niln € (3) T s
where A is strength coefficient, and n; is the

strair hardening  coefficient. Fig. 10 shows the
relationship between In 0 and In € where In 0 and
In €are dynamic stress and strain of the composites,
respectively. It can be seen that the n; values of ev-
ery curves are equal at the beginning of the deforma-
tion, so the ZrO, content takes little effect on the
straimr hardening coefficient. By least square method
calculating, the 10% ZrO,(2Y)/TRIP steel compos-
ite has n; value of 0.235, which is equal to that of
normal steel. It can be concluded that the deforma
tion ability of ZrO,(2Y)/TRIP steel composite main-
ly depends on the matrix of TRIP steel. Seen from
the evident doublewave figure of the transmission
wave (Fig. 11), the matensitic phase transformation
takes place in the TRIP steel under the dynamic load
referring to Fig. 12. In Fig. 12, both Fig. 12(a) and
Fig. 12(b) are distortion induced martensites and
theirs substructures are twin caused by inhomoge
neous distortion after adding ZrO, into them. This

phase transformation couples the plastic deformation,

which relaxes the stress concentration, increases
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Fig. 11 Wave figure of SHPB output bar
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Fig. 12 TEM images of ZrO2(2Y)/TRIP steel

composites under dynamic load
(a) —TZ20; (b) —TZ25

the deformation ability, and prevents the fracture un-
der small strain. In addition, it induces the fur
ther deformation strengthening and increases the
dynamic strength of the composites. With the in-
crease of deformation, the effect of ZrO; on the value
of ni becomes evident. Seen from Fig. 10, the value
of ni decrease slowly with the increase of ZrO, con-
tent. It is because ZrO; prevents the deformation of
the TRIP steel matrix. The increase of ZrO, improves
the rheological stress and increases the fracture
strength of the composites, but on the other hand it
prevents the martinsitic phase transformation, and
therefore prevents the deformation of the TRIP steel
matrix. When the volume fraction of ZrO> exceeds
20%, the deformation ability of the composites de-
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creases, leading to the decrease of the fracture
strength. Taking account of the effect of ZrO, con-
tent on the martinsitic phase transformation of the
TRIP steel matrix and the resulted deformation of the
composites, Eqn(2) can be changed to:

0= (1- x )A€ (4)
where x represents the ZrO; content. After cou-

pling, it is described as 0= 2 881.310(1- x ) €%,

which favorably corresponds with the real curves.
4 CONCLUSIONS

1) Under the static load, tensile strength and e
lastic modulus of ZrO,(2Y)/TRIP steel composites
decrease with the increase of ZrO, content, which is
caused by the weak bonding of ZrO,/ZrO, particles
and ZrO,/ TRIP steel particles.

2) Under the dynamic load, the relationship be
tween stress and strain in ZrO,(2Y)/ TRIP steel compos
ites can be described by the equation: O =
2 881.310(1- x) €. The dynamic yield strengths
of the composites are larger than the static tensile
ones because of the martinsitic phase transformation,
which further couples the plasticity and finally im-
proves the deformation ability of the composites.

3) At the beginning of the dynamic deforma
tion, the effect of ZrO, content on deformation
strength of the composites is not evident. The rheo-
logical stress in the ZrO,(2Y)/TRIP steel composites
increases with the increase of ZrO; content and defor-
mation. However, when the volume fraction of ZrO,
exceeds 30%, the deformation ability and dynamic
fracture strength of the composites decrease.
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