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Abstract: The effects of TiB, and Zr on the microstructure, aging response and mechanical properties of hot-extruded
Al-Zn—Mg—Cu based materials were investigated and compared by multi-scale microstructure characterization
techniques. The results showed that proper addition of TiB, particles could refine grain size during solidification,
promote dynamic recrystallization during extrusion, and inhibit grain growth during solution treatment. Meanwhile, Zr
addition had minor influence on the grain refinement during solidification, but could effectively suppress
recrystallization and grain growth compared with the Zr-free alloy. Furthermore, the TiB, addition could simultaneously
enhance the aging kinetics and peak-aged hardness of the materials. Comparatively, Zr addition could also improve the
peak-aged hardness with minor effect on the aging kinetics of the materials. Finally, the quench sensitivity, elastic
modulus and tensile properties of the materials were compared and studied. Specifically, the relationship between the
microstructure and mechanical properties, and the strengthening mechanisms were discussed in detail.
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These uniformly distributed nano-sized dispersoids

1 Introduction

Al-Zn—Mg—Cu alloys have been widely
applied as structural materials in aerospace, aircraft
and automobile industries due to their excellent
mechanical properties. For Al-Zn—Mg—Cu alloys,
trace elements (i.e., Cr, Zr and Sc) are often
introduced to improve the comprehensive properties
of the alloys. Generally, the fine Al;Zr with cubic
L1, structure can precipitate during homogenization
treatment in commercial 7xxx Al alloys [1-3].

are coherent with the matrix. Then, they can
effectively pin the dislocations and sub-grain
boundaries (sub-GBs). As a result, they can exhibit
excellent anti-recrystallization behavior and
promote the formation of stable refined subgrain
structure during the deformation process. There are
many reports claiming that a small amount of Zr
addition can lead to a combination of high strength,
considerable ductility and improved corrosion
resistance for the alloys [4—7].

However, the coherent Al;Zr particles may
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lose their coherency and become semi-coherency
due to precipitate coarsening or migration of
GBs [8,9]. These semi-coherent particles may
become heterogeneous nucleation sites for #
(MgZn,) when the alloys are slowly cooled after the
solution treatment [10,11]. Such process can deplete
lots of solute atoms and decrease the aging
hardening potential of the alloys. Eventually, this
may lead to the increased quench sensitivity which
is a crucial problem for thicker products.

Recently, in situ TiB,/Al composites have
been studied and considered to be promising
structural materials due to their improved
mechanical properties, including higher modulus,
tensile strength and improved fatigue
strength [12—14]. TiB, 1is an outstanding
reinforcement due to its excellent stiffness,
hardness and wear resistance. Besides, TiB,
particles do not react with Al matrix
thermodynamically. Thus, there is the clear and
stable TiB,/Al interface [15]. It was reported by
former researchers that the distribution of TiB,
particles obeyed a log-normal size distribution, and
the majority of nano-sized particles were smaller
than 100 nm [16]. Meanwhile, TiB, particles can
serve as the heterogeneous nucleation site for a(Al)
during solidification to refine the grain. Also, the
nano-sized particles can interact with dislocations
and GBs, and influence the recrystallization
behaviors. At the same time, the pinning effect of
the particles on the GB migration can inhibit the
growth of recrystallized grains.

Many researchers have reported the effects of
nano-sized reinforcement on the microstructure
and properties of the Al-Zn—Mg—Cu based
materials [17,18]. However, they have ignored that
the sizes of Al;Zr and TiB, particles are of the
similar level, and the precise role played by TiB; is
not fully understood. The present study aimed to
study the independent effect of nano-sized TiB,
particles on the microstructure and mechanical
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properties of TiBy/Al-Zn—Mg—Cu composite.
Furthermore, the comparison for the effects of
Al;Zr dispersoids and TiB, particles on the
microstructure and mechanical properties of the
materials were also conducted and studied.

2 Experimental

2.1 Materials and heat treatments

Four kinds of alloys and composites with
different Zr and TiB, contents were investigated.
The nominal compositions of these alloys and
composites are listed in Table 1.

In the present work, the in situ TiB,—7085Al1
composites were fabricated by the salt—metal
reaction method, and the detailed procedures could
be found in Ref. [19]. The 7085Al1 and Zr—7085Al
alloys were both prepared by the casting method.
Two-step homogenization was used for the as-cast
alloys and composites. The first step was 350 °C
for 12 h, and the second step was 470 °C for 24 h
with the heating ramp of 2°C/min. After
homogenization, both alloys and composites were
extruded at 430 °C with a ratio of 9:1. Afterwards,
the alloys and composites were solutionized at
470 °C for 1 h and then water quenched. At last, the
alloys and composites were subjected to the
artificial aging treatment at 120 °C for 24 h (T6).

2.2 Vickers hardness, tensile test and end quench
test

The Vickers hardness (HV) test was performed
on a hardness tester (HVS—30P). For each aged
sample, a load of 10 kg with 15 s holding was used
in one measurement, and ten measurements were
made for each sample to obtain an average value.
The tensile test was carried out on a Zwick machine
at a stain rate of 1x107°s™". The Jominy end quench
(JEQ) test was applied to studying the quench
sensitivity (QS) characteristics of both alloys and
composites. The sample was in the cylinder shape

Table 1 Material design and corresponding nominal compositions of studied materials

o ) Content/wt.%
Original design Sample
Zn Mg Cu Zr TiB, Al
Zr-free alloy 7085A1 7.5 1.5 1.6 0 0 Bal.
Zr-containing alloy Zr—7085Al 7.5 1.5 1.6 0.15 0 Bal.
In situ 3TiB,/7085A1 composite 3TiB,—7085Al 7.5 1.5 1.6 0 3.0 Bal.
In situ 7TiB,/7085A1 composite 7TiB,—7085A1 7.5 1.5 1.6 0 7.0 Bal.
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with the size of 125 mm x d30 mm. The technical
requirement for JEQ test was referred to the
GB/T225—2006 standard.

2.3 Microstructure characterization

For the microstructure observation, the sample
was ground and polished with the order of SiC
paper, diamond paste and colloidal silica.
Specifically, for the optical microscopy (OM, Zeiss
Imager Alm) characterization, the sample was
prepared by anodic coating at 0 °C in the solution
of 2.5 vol.% HBF, for 30 s at the voltage of 20 V.
The field-emission scanning electron microscope
(SEM, TESCAN MAIA3) was equipped with an
energy dispersive X-ray spectrometry (EDS) system.
Unless otherwise noted, the SEM micrograph was
taken under the backscattered electron (BSE)
imaging mode. On the same SEM, the electron
backscattered diffraction (EBSD) study was
conducted using a BRUKER e-FlashHR EBSD
detector. The EBSD characterization was conducted
at 20 kV, and scanned with a step size from 0.2 to
1 um. The EBSD data were analyzed using
CHANNEL 5.0 software. In order to investigate
the difference in recrystallization behavior,
misorientation angles ranging from 2° to 15°
were defined as low-angle GBs (LAGBs), and

"V,'_ 75 @O 200 um :
Fig. 1 OM images of alloys and composites in as-cast condition: (a) 7085Al; (b) Zr—7085Al; (c) 3TiB,—7085Al;
(d) 7TiB,—7085Al
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misorientation angles above 15° as high-angle GBs
(HAGBS).

For the transmission electron microscopy
(TEM) examination, the sample was thinned to a
foil from ~50 to 80 um, and then eletropolished at
=30 °C in the solution of 33 vol.% HNO; and
67 vol.% CH;0OH. The thin foil was observed by the
TEM (JEM 2100F) operated at 200 kV.

3 Results

3.1 Microstructure in as-cast condition

The optical micrographs of 7085Al and
TiB,—7085A1 samples in as-cast condition are
shown in Fig. 1. Both 7085Al (Fig. 1(a)) and
Zr-7085A1 (Fig. 1(b)) samples exhibit the typical
dendritic structure. More than 200 grains were
measured to determine the average grain sizes of
both alloy and composite samples using line
intersection method by Image J software. The
average grain sizes of 7085Al and Zr—7085Al
samples are (198+25)um and (212+27) um,
respectively. The TiB,—7085A1 samples (Figs. 1(c)
and (d)) show equiaxed grains, and the grain sizes
of the composites decrease with the increasing TiB,
content. For example, the average grain size of
composite is (524+12) um when the TiB, content is
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3 wt.% (Fig. 1(c)), and it deceases to (38£7) um
when the TiB, content increases to 7 wt.%
(Fig. 1(d)). The similar results were also reported
for TiB,/Al composites in Refs. [20,21].

The EDS element mapping analyses of both
alloy and composite samples in the as-cast
condition are exhibited in Fig. 2. In the Zr-7085A1
sample (Fig. 2(a)), most second phases are located
along GBs. The element mapping analyses indicate
that there are three kinds of second phases marked
as A, B and C, accordingly. Phase A mainly
contains Al, Zn, Mg and Cu elements, and their
corresponding contents (at.%) are 24.47, 30.04,
20.81 and 24.68, respectively. Consequently, Phase
A is identified as T phase (AlZnMgCu). Phase B
mainly contains Al, Cu and Fe with the
corresponding contents (at.%) of 69.24, 18.82 and
10.97, respectively, and is interpreted as Al;Cu,Fe
phase. Phase C mainly contains Al, Cu and Mg with
the corresponding contents (at.%) of 51.08, 24.02
and 24.9, respectively. Accordingly, Phase C is
probably interpreted as S (AlL,CuMg) phase.
Normally, 7 and S phases can be formed during
solidification when the mole ratio of Zn/Mg is
larger than 2.2:1 [22]. Both phases can be dissolved
into the matrix under proper heat treatment.
Comparably, Al;Cu,Fe phase is difficult to be
dissolved into the matrix. This phase is hard and

fragile to be detrimental to mechanical properties of
the material [23].

In the 3TiB,—7085Al sample (Fig. 2(b)), TiB,
particles are aggregated at GBs mainly due to
the push effect by the advancing solid—liquid
interface [24]. The TiB, particles have minor
influence on the types of second phase on GBs.
Notably, most second phases are found to be
covered by TiB, clusters. These clusters can act as
particle shells, and hinder the dissolution of second
phase during solution treatment [25].

3.2 Characterization of TiB, particles and Al;Zr
dispersoids

The TEM images of TiB, particles and Al;Zr
dispersoids in the as-quenched condition are shown
in Fig. 3. In detail, Fig. 3(a) shows the TEM image
of nano-sized TiB, particles. TiB, particles with the
cubic shape are randomly distributed. The high
resolution transmission electron  microscopy
(HRTEM) image of TiB, particles along [110],, and
the corresponding Fast Fourier Transformation
(FFT) pattern are exhibited in Fig. 3(b).

The HRTEM image shows a clear interface
between the Al matrix and TiB, particles, indicating
that no interfacial reaction has occurred at the
interface. The size distribution of TiB, particles is
exhibited in Fig. 3(c). Notably, most TiB, particles

Fig. 2 BSE micrograph of Zr—7085Al sample and corresponding element mapping analyses with three phases marked

with A, B and C (a), and BSE micrograph of 3TiB,—7085A1 sample and corresponding element mapping analyses (b) in

as-cast condition
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Fig. 3 TEM image of TiB, particles at as-quenched state (a), HRTEM image of TiB, particle along [110],; with FFT
pattern (b), size distribution of TiB, particles (c), TEM image of Al;Zr dispersoids (d), HRTEM image of Al;Zr along
[111]4; with FFT pattern (e), and size distribution of Al;Zr dispersoids (f)

are <100 nm, and the average size of the particles is
80 nm. In comparison, Fig. 3(d) shows the TEM
image of Al;Zr dispersoids. The Al;Zr dispersoids
with the sphere shape are found to distribute
uniformly inside the grain. The HRTEM image

along [111]4; and the corresponding FFT pattern of
Al;Zr dispersoids are exhibited in Fig. 3(e). The
size distribution of Al;Zr dispersoids is exhibited in
Fig. 3(f), and the average size of Al;Zr dispersoids
is measured to be 20 nm.
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3.3 Recrystallization behavior during extrusion

and heat treatment

The EBSD maps of all samples along the
extrusion direction (ED) at as-extruded and T6
states are shown in Fig. 4. There are deformed, sub-
structured and recrystallized grains according to
the mean grain misorientation. The corresponding
recrystallization fraction and average grain size are
calculated and listed in Table 2. Apparently, the
dynamic recrystallization has occurred during hot
extrusion in both alloys and composites. In the
as-extruded condition, both recrystallization
fraction and average grain size of 7085Al sample
are much larger than those of Zr—7085Al sample

(Table 2). For the composites, the average grain size
decreases as the TiB, content increases. For
example, the average grain size is 17.7 um at
3 wt.% TiB,, and it decreases to 8.1 um at 7 wt.%
TiB, (Table 2). Nevertheless, the recrystallization
fraction decreases as the content of TiB, increases.
Specifically, the recrystallization fractions are
14.9% for 3TiB,—7085Al and 10.2% for 7TiB,—
7085Al.

After the T6 heat treatment, the recrystallization
fraction and grain size of 7085Al sample increase
significantly. Nevertheless, the recrystallization
fraction and grain size of Zr—7085Al remain
relatively stable compared with the 7085A1 sample

Fig. 4 EBSD maps showing grain structures in as-extruded (a, c, e, g) and T6 (b, d, f, h) conditions (TiB, colored as
lime green): (a, b) 7085Al1; (¢, d) Zr—7085Al; (e, f) 3TiB,—7085Al; (g, h) 7TiB,—7085Al; (i) IPF orientation map

Table 2 Recrystallization fractions and average grain sizes of samples in as-extruded and T6 conditions

Recrystallization fraction/%

Average grain size/pm

Sample
As-extruded T6 As-extruded T6
7085Al 10.9 68 38.9 86.8
Zr—7085Al 3.7 5.5 31.1 32.5
3TiB,~7085Al 14.9 44.4 17.7 22.7
7TiB,—7085Al 10.2 10.9 8.1 8.2
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(Table 2). Regarding the composites, the ability to
inhibit grain growth increases with elevating TiB,
content (Table 2). For example, the recrystallization
fraction and average grain size for 3TiB,—7085Al
sample have increased to 44.4% and 22.7 um
(Table 2), respectively. However, they are rarely
altered for the 7TiB,—7085Al sample after T6
treatment (Table 2). In conclusion, the proper
TiB, addition can promote recrystallization and
effectively stabilize grain structure. Meanwhile,
Al;Zr dispersoids can inhibit recrystallization and
stabilize grain structure.

3.4 Age hardening kinetics

The age hardening curves of the alloys and
composites are shown in Fig. 5. The hardness of
7085A1 sample shows a sharp increase in the first
6 h, and increases slowly for the longer aging time.
The aging time for the 7085Al alloy to reach its
peak-aged hardness is 22 h. There are similar aging
behaviors for the Zr—7085A1 sample compared with
the 7085Al sample. The Zr—7085Al sample also
shows a rapid increase in the first 6 h, and a slow
increase for the longer aging time. The peak aging
time is 24 h, which is a little longer than that of the
7085A1 sample, although the peak-aged hardness
is higher for the Zr—-7085Al sample. For the
TiB,—7085Al samples, the hardness still increases
rapidly in 6—12 h compared with the 7085Al alloys.
Furthermore, the hardened speed is accelerated as
the TiB, content increases. The peak aging time
decreases with the increasing TiB, content.
Specifically, the peak aging time is 18 h for the
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Fig. 5 Age hardening curves of (Zr—)7085Al and
TiB,—7085Al samples with peak-aged hardness marked
by black arrows

3TiB,—7085Al1 sample and 14 h for 7TiB,—7085Al
sample. The peak-aged hardness increases as the
TiB, content increases. The peak aging time is
shortened, and the peak-aged hardness is improved
for the TiB,—7085Al samples over the 7085A1 and
Zr—7085Al samples. Conclusively, the Zr addition
has little effect on the aging kinetics of 7085Al
sample, but can improve the peak-aged hardness.
Comparably, the TiB, addition can simultaneously
accelerate the aging kinetics and enhance the
peak-aged hardness.

The bright field (BF), selected area electronic
diffraction (SAED) and HRTEM images of the
alloys and composite aged for 6 h (the under-aged
state) are exhibited in Fig. 6. The diffraction spots
from the Al matrix have been indexed (Figs. 6(c),
() and (i)). The ' phase can be easily identified as
spots at 1/3 and 2/3 of the matrix reflection (220)
(Figs. 6(c), (f) and (i)), and the GPII zone is
referred to spot at 1/2 of the matrix reflection
(311) [26] . For the 7085A1 sample (Figs. 6(a), (b)
and (c¢)), the main strengthening phases in the grain
are #' phase with some GPII zones at 6 h aging. The
HRTEM images taken with the incident electron
beam along the [112] zone axis of the Al matrix and
the corresponding FFT pattern have confirmed the
results. The situations are almost the same when it
comes to the Zr—7085Al sample (Figs. 6(d), (e) and
(). For the 7TiB,—7085Al1 composite (Figs. 6(g),
(h) and (i)), the main strengthening phases in the
matrix are 7' phase with few GPIl zones. The
corresponding HRTEM image and SAED pattern
convince the results. Clearly, the diffraction spots
for GPII are quite weaker compared to those of the
alloys, and almost GPII can rarely be found in the
HRTEM image (Fig. 6(1)).

The BF and SAED images of the alloys and
composite at the peak-aged state are shown in
Fig. 7. Fine strengthening phases with the size of
3—6 nm are well-distributed inside the grain for
both alloys and composite. The SAED images
(Figs. 7(b), (d) and (f)) indicate that the main
strengthening phases are #' phase with few GPII
zones for the alloys and composite. Generally,
GPIl zones are formed after quenching from
temperatures 450°C and aging at
temperatures above 70 °C [26]. GPII zones can be
formed as precursors to the metastable #' phase.
The main strengthening phases are #' phase with
some GPII zones for the alloys, but are ' phase

above
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aged state): (a—c) 7085Al; (d—f) Zr—7085Al; (g—i) 7TiB,—7085Al

with few GPII zones for the composite at 6 h aging.
It can be inferred that GPII zones should exist
during early stage of aging, and have almost
transformed into #' phase for the composite.

As the aging time proceeds, GPII zones in
the alloys continue to transform into #' phase.
Eventually, the main strengthening phases for both
the alloys and composite at the peak-aged state are
n' phase with few GPII zones. The accelerated
aging kinetics by TiB, addition was also reported by
DU et al [27], which was mainly attributed to the
abundant dislocations caused by TiB, particles. On
one hand, the dislocations produced during
extrusion may be pinned and stabilized by TiB,
particles even after solution treatment. On the other

hand, the formation of dislocations around the
particles should inevitably occur in the composite
due to the difference in coefficients of thermal
expansion (CTEs) between the particle and matrix.
These increased dislocations should serve as fast
diffusion paths and traps for solute atoms during the
aging treatment. As a result, the aging kinetics is
enhanced, and the aging time to reach peak-aged
hardness is shortened.

3.5 Mechanical properties
3.5.1 Quench sensitivity relative to hardness

The quench sensitivities relative to hardness
of (Zr—)7085Al and TiB,—7085Al samples were
investigated by the JEQ test [28,29]. Figure 8(a)
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Fig. 7 BF images (a, c, e) and SAED patterns (b, d, f) of alloys and composite at T6 state: (a, b) 7085Al; (c, d) Zr—

7085Al; (e, f) 7TiB,~7085Al

exhibits the hardness changes of alloys and
composites in the T6 condition on dependence of
the JEQ distance. The hardness of 7085Al sample
has merely changed with the increasing JEQ
distance. Comparably, the hardness of Zr—7085Al
sample decreases first, and then remains stable as

the JEQ distance increases. For the TiB,—7085Al
samples, the hardness shows the similar tendency
with the Zr—7085Al sample. For the Zr—7085Al
sample, the hardness declines when the JEQ
distance ranges from 0 to 75 mm. For the 3TiB,—
7085A1 sample, the hardness declines when the



2198 Hong-yu XIAO, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2189-2207

200
(@)
195 -
Il =— 7085Al
190l DX o Zr-7085A1
_ al 4 3TiB,~7085A1
é 185 - v 7TiB,~7085Al
2 180 - Y
% 80 il vv
S | ' SYSE Y Yvev
:<E3175 { ’.::. [ 1 = 'va'vvvvv‘yv
L i 1 111
170 F "'2‘12:!'!1-1-!21111ill
165 » ...°.“oo¢53“
160 ) | L 1 1 1 1
0 20 40 60 80 100 120
JEQ distance/mm
1.10
b
(b) = 7085Al
® Zr-7085Al
, L.05F 4 3TiB,~7085Al
: v 7TiB,~7085Al
_g ool o » 90% hardness
;é] ) ’:3;;::“"‘.I...'IIIII.'
S| A 222
: 0.95 v Sttiesessetese
A
2 "vvvvw
090 eeeeee0e0000003F * 94483882
0.85L ' ' '

0 20 40 60 80 100 120

JEQ distance/mm
Fig. 8 Hardness profiles of alloys and composites in T6
condition (a) and normalized hardness (b) on dependence

of JEQ distance (D)

JEQ distance ranges from 0 to 75 mm. For the
7TiB,—7085Al sample, the decline range is from 0
to 90 mm, whose reduced rate is larger than that of
the Zr—7085A1 sample. Normally, the quench
sensitivity can be simply described by the depth of
age hardening layer, which is evaluated by the
distance where a 90% hardness retention value is
achieved [30]. The normalized hardness change
is shown in Fig. 8(b). In detail, the depths
corresponding to 90% of the maximum as-aged
hardness measured by the JEQ test are 90 mm for
the 7TiB,—7085Al sample, and the depths are
all >125 mm for other samples.

The addition of either Zr or TiB, particles can
enhance the quench sensitivity of the matrix alloy,
and the quench sensitivity increases as the TiB,
content increases for the composites. Generally, the
quench sensitivity of the alloys and composites
can be sequenced as: 7TiB,—7085AI1>Zr—7085Al=
3TiB,—7085A1 >7085A1l.

Generally speaking, the quench sensitivity for

Al-Zn—Mg—Cu based materials is related to
coarse phases (i.e., 7(MgZn,), S(AL,CuMg) and
T(Al,MgsZn;)) precipitating during the slow
quenching. The GBs, sub-GBs and dispersoids (i.e.,
Cr or Zr bearing intermetallic particles) can often
act as effective nucleation sites for these
quench-induced phases [31,32]. As a result, a large
number of solutes are depleted, which should
decrease the aging hardening ability during
subsequent aging. For the 7085A1 sample, there are
few dispersoids acting as nucleation sites for
quench-induced phases. Furthermore, the average
grain size for this alloy is much larger than those of
other samples. Therefore, the average length of GB
per unit area is much smaller for the 7085Al
sample. In Fig. 9(a), only a small part of coarse
phases can be observed on the (sub)-GBs. Nearly
no coarse phase can be found inside the grain. As a
result, the amount of coarse phases precipitating
during slow quenching is much less, and most
solute atoms are kept for subsequent aging.
Consequently, the hardness shows almost no
decline for the 7085A1 sample even at D=125 mm.
For the Zr—7085A1 sample, Al;Zr dispersoids lost
their coherency with the matrix can serve as
nucleation sites for # (MgZn,) phase during slow
quenching (Fig. 9(b)). Meanwhile, the grain size of
the Zr—7085A1 sample is much smaller than that of
7085Al sample. Nucleation sites on the GBs per
unit area of the Zr—7085A1 sample are much more
than those of the 7085Al sample. Eventually, the
Zr—7085Al1 sample is more quench sensitive. For
the composites, the quench sensitivity increases
with the increasing TiB, content. The elevated
quench sensitivity can be mainly attributed to two
facts. Firstly, the average grain size decreases as
TiB, content increases (Figs. 9(c) and (d)), which
provides more nucleation sites for coarse phases.
Secondly, the TiB, addition should result in the
higher dislocation density. These dislocations may
provide effective heterogeneous nucleation sites
during slow quenching. The addition of
reinforcement should often increase the quench
sensitivity of the composite as reported in
Refs. [33,34]. Interestingly, with 3 wt.% TiB,
addition, the quench sensitivity of the composite
can be similar to the Zr-containing alloy. Besides,
7085 Al alloy is a new generation Al alloy
with lower quench sensitivity but lower tensile
properties compared with other 7xxx alloys. This
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Fig. 9 SEM images of alloys and composites at D=125 mm: (a) 7085Al; (b) Zr—7085Al; (c) 3TiB,~7085Al; (d) 7TiB,—

7085A1

work makes us a better understanding of the
relationship among alloy composition (Zr and TiB,),
quench sensitivity and tensile properties or hardness
on the 7085A1 based materials.
3.5.2 Tensile properties and elastic modules

Figure 10 shows the engineering stress—strain
curves of the (Zr)—-7085A1 and TiB,—7085Al
samples at T6 state. The yield strength (YS),
ultimate tensile strength (UTS) and elongation to
failure (EL) of alloys and composites at T6 state are
summarized in Table 3. The YS and UTS are 415.7
and 514.7 MPa for the 7085A1 sample, respectively.
Comparably, the YS and UTS are 591.2 and
633.6 MPa for the Zr—7085A1 sample, respectively,
which are improved remarkably over those of the
7085Al sample. For the composites, the YS and
UTS increase, and the EL decreases as TiB, content
increases. Specifically, the YS and UTS are 526.9
and 584.2 MPa, respectively, and the EL is 12.9%
for the 3TiB,—7085Al sample. For the 7TiB,—
7085Al sample, the YS and UTS are 607.8 and
666.1 MPa, respectively, and the EL is 7.6%.
Among these alloys and composites, the 7TiB,—
7085Al sample exhibits the largest YS and UTS,
and the smallest EL. In comparison, the
7085A1 sample shows the smallest YS and UTS.

700

— Zr—=7085A1

7085Al

7TiB,~7085A1 3TiB,~7085Al

Engineering stress/MPa
W
(e
S

0 2 4 6 8 10 12 14
Engineering strain/%

Fig. 10 Engineering stress—strain curves of alloys and
composites at T6 state

Interestingly, the Zr—7085Al and 7TiB,—7085Al
samples show almost the same tensile properties,
although the 7TiB,—7085Al sample has a bit larger
UTS than the Zr—7085A1 sample.

The elastic moduli of the (Zr)—7085Al and
TiB,—7085A1 samples at T6 state are also listed in
Table 3. The elastic moduli are 69.2 GPa for the
7085Al sample, and 69.8 GPa for the Zr—7085Al
sample. Both alloys have similar elastic modulus.
For the composites, the elastic modulus increases as
the TiB, content increases. Specifically, the elastic
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moduli are 72.6 GPa for the 3TiB,—7085A1 sample
and 75.9 GPa for the 7TiB,—7085Al sample. In
conclusion, the addition of Zr can significantly
improve the tensile properties with little effect on
the elastic modulus of the material. In comparison,
the addition of TiB, particles can enhance both
the tensile properties and elastic modulus of the
material.

Table 3 Tensile properties of alloys and composites at T6

state
Elastic
YS/ UTS/ EL/
Sample  modulus/
MPa MPa %
GPa
7085Al 69.240.2 451.7+£5.3 514.7+4.3 9.6+0.4
Zr—7085A1 69.840.4 591.2+6.3 633.6+4.6 10.1+£0.2

3TiB,—7085A1 72.6+0.2 526.9+1.4 584.2+0.6 12.9+0.1
7TiB,—7085A1 75.9+0.1 607.8+2.7 666.1+4.9 7.6+0.7

Figure 11 exhibits the typical tensile fracture
morphologies of the alloys and composites at T6
state. A lot of large flats on the fracture surface and
cracks exist along the GBs as shown in Fig. 11(a). It
can be inferred that the 7085Al sample shows the
typical intergranular fracture. For the Zr—7085Al
sample (Fig. 11(b)), a large number of dimples are

presented on the fracture surface, suggesting the
transgranular characteristics of fine dimples. For the
composites (Figs. 11(c) and (d)), the dimples
become smaller but shallower as the TiB, content
increases. Simultaneously, more TiB, clusters are
observed on the fracture surface, which should
deteriorate the tensile properties to some extent. It
was reported by NAFAR et al [35] that the damage
growth rate of composite with higher clustering
degree was significantly higher than those of
composites with lower clustering degree. This may
explain that the EL decreases with the increasing
TiB, content.

4 Discussion

4.1 Effect of Zr and TiB, particles on
recrystallization and grain growth
4.1.1 Effect of Zr and TiB, particles on
recrystallization
In Fig. 4 and Table 2, the recrystallization
fraction of 7085Al sample at as-extruded state is
higher than that of the Zr—7085A1 sample. Dynamic
recovery often occurs in Al alloy during hot
deformation due to its high stacking fault energy,
which can reduce the stored energy for recrystalli-
zation. Nevertheless, the dynamic recrystallization

Fig. 11 Fracture morphologles of alloys and composr[es (a) 7085Al1; (b) Zr—7085Al, (c) 3TiB,—7085Al; (d) 7TiB,—

7085A1
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can still happen under some conditions [36—38]. In
the 7085A1 sample, the GBs have developed into
serrations (white arrows in Fig. 4(a)), which can
serve as the actual nucleation sites for recrystalli-
zation [39]. Apparently, most recrystallized grains
are along the original GBs. This is probably deemed
as the discontinuous dynamic recrystallization. In
this case, the boundary corrugations or serrations
should occur due to dislocation density gradients
developed near the original GBs because of the
incompatibilities between grains. Under this
condition, the GB slide can take place, which
should give rise to the development of additional
inhomogeneous strains. As a result, this can
enhance the driving force for recrystallization, and
recrystallization fraction is 10.9%. For the
Zr—7085A1 sample, the recrystallization fraction is
3.7%, which is smaller than that of 7085Al sample.
This is attributed to the pinning effect of Al;Zr
precipitating during homogenization treatment. The
commonly used form of Zener pinning effect (Py) is
formulated as [39]

:3fv?’
2r

P, (1)
where r is the particle radius; fv is the volume
fraction of particle; y is the interfacial energy.
Apparently, the pinning effect increases with
the increasing volume fraction and decreasing
radius of the particles. Al;Zr dispersoids have
notable pinning effect on the rearrangement of
dislocations and (sub)-GB migration due to the
smaller size and higher volume fraction [40]. For

2201

the composites, a part of TiB, particles are found to
aggregate on the GBs to form clusters as shown in
Fig. 2(b). Some of these clusters are covered with
the second phases. Large deformation hetero-
geneities are typically formed near these clusters
bands during deformation, which should
promote the particle stimulated nucleation (PSN)
effect [41,42]. In this condition, the accumulation of
misorientation by the rapid LAGB migration is
sufficient to generate the necessary HAGB. This
forms a new grain nucleus, which may then either
stagnate, or grow to produce a recrystallized grain.
In Fig. 12, higher recrystallization fraction (16.9%)
and orientation gradients are observed around
particle clusters than those of the deformed matrix
for 7TiB,—7085Al sample. Recrystallized grains
(blue) are mostly distributed around TiB, particles
(lime green), and should be attributed to the PSN
effect (Fig. 12(a)). ZHANG et al [43] investigated
the effect of second-phase particles on a particle-
containing Al alloy by 3D serial sectioning. They
found that 90% of recrystallization nuclei were
caused by clusters and bands of large intermetallic
particles. The generation of HAGBs through rapid
LAGB migration occurs and the HAGB fraction is
calculated to be 68.5% (Fig. 12(b)). For the
composite, it is found that the recrystallization
fraction decreases as the content of TiB, increases.
This can partly be explained by the pinning effect
of TiB, particles. Once the dynamic recrystallization
occurs along TiB, clusters and bands, the
recrystallized grains grow by consuming the
deformed zones. For the 3TiB,—7085A1 sample, the

or
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Fig. 12 Distributions of deformed (in red), sub-structured (in yellow) and recrystallized (in blue) grains with TiB, in

lime green (a) and corresponding misorientation angle distribution (b) for 7TiB,—7085A1 sample



2202 Hong-yu XIAO, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2189-2207

nucleation sites are less due to small number in
TiB, clusters and bands. Meanwhile, the pinning
effect is also weak. For the 7TiB,—7085A1 sample,
the nucleation sites are more than those of the
3TiB,—7085Al sample, but the pinning effect is
much stronger. As a result, most recrystallized
grains are pinned by TiB, as shown in Fig. 12(a).
Consequently, the recrystallization fraction of the
7TiB,—7085Al1 sample is smaller than that of the
3TiB,—7085Al sample.
4.1.2 Effect of Zr and TiB, particles on grain

growth

In Fig. 4 and Table 2, the recrystallization
fractions and grain sizes of 7085Al and
3TiB,—7085Al1 samples increase remarkably after
the solution treatment, while those of the
Zr—7085A1 and 7TiB,—7085A1 samples remain
stable at some extent. The increase in recrystalli-
zation fraction and grain size can be explained in
terms of GB migration. Taking the Zener pining
effect into consideration, the GB migration rate (v)
can be formulated as follows [44]:

V=M exp(—2 ) (B B~ ) @
RT

where M, is a constant of boundary mobility; Q is
the apparent activation energy; Pa*is the driving
force for recrystallization and can be approximated
as a function of dislocation density (p); Pc is
retarding pressures due to boundary curvature; R
is mole gas constant; 7 is thermodynamic
temperature.

Recrystallization and grain growth need the
migration of GB, which should correspond to
P§ ¢* —P;—Pc>0. During solution treatment, the
temperature (470 °C) is much higher than the
extrusion temperature (350 °C). The driving force
for GB migration P5°*is supposed to decrease due
to the reduced dislocation density by recovery.
However, P; is considered to increase as the
temperature elevates according to the Zener pinning
effect. This is because p increases as the
temperature evaluates, whereas  remains the same
due to the stability of Al;Zr dispersoids and TiB,
particles. Pc also increases as the temperature
increases.

For the 7085Al and 3TiB,—7085Al samples,
there is little pinning effect or the pinning effect
(Pz) is much less compared with the driving force
for recrystallization. Hence, the recrystallization

fraction is higher at the as-extruded state. During
solution treatment, the recrystallization fraction and
grain size increase remarkably due to the lacking of
pining effect. For the Zr—-7085Al1 and 7TiB,—
7085A1 samples, P];m decreases, and Pz and Pc
both increase as the temperature elevates. This
means that the whole driving force is less at
solution temperature than that at the extruded
temperature. Therefore, the structure can be pinned
by stable and fine particles as temperature increases,
as shown in Fig. 13(b). Accordingly, the
recrystallization fraction and grain size remain
stable after the solution treatment.

Dislocation

Grain boundary

Fig. 13 TEM images showing precipitates nucleating on

dislocations produced by TiB, particles (a) and GB
pinning by TiB, particles (b)

4.2 Effect of Zr and TiB, particles on mechanical
properties
4.2.1 Tensile properties
The Zr addition has significantly enhanced the
yield strength and ultimate tensile strength of alloy
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by 140.5 and 118.9 MPa, respectively. Comparably,
increments of the yield strength and ultimate tensile
strength of the composite increase with the elevated
TiB, content, ranging from 75.2—-156.1 MPa and
69.5-151.4 MPa, respectively. Generally, the
Zr—7085A1 and 7TiB,—7085A1 samples show
almost the same tensile properties. The underlying
mechanisms of strength enhancement by Zr and
TiB, addition should include Orowan strengthening
(A0Gorowan), dislocation strengthening (Aoy) and
grain-boundary  strengthening (Aog,) [45-47].
Meanwhile, the value of each strength enhancement
is estimated, and the proportion of each strength
enhancement is calculated.

The addition of Zr and TiB, can remarkably
stabilize the grain size (Table 2). The high density
of GBs can effectively strengthen the materials by
impeding dislocation movement and dislocation
propagation to adjacent grains. Accordingly, the GB
strengthening  (Ao,) should be taken into
consideration. Based on Hall-Petch strengthening
relationship, the finer grain size can increase the
yield strength in materials, and the relationship can
be described as

1 1
NS

where d and d, are the average grain sizes (m) of
composite and 7085Al, respectively; k is a
constant related to material and is equal to about
0.12 MPam'? [48]. The Aoc, values are 8.2 MPa
(5.84% (=8.2/140.5)) and 29MPa (18.6%
(=29/156.1)) for Zr—7085Al and 7TiB,—7085Al
samples, respectively.

With the Zr addition, Al;Zr dispersoids of high
number density and small size are formed in the
matrix. Dislocations can either shear or pass by
these dispersoids depending on their sizes, which
correspond to two kinds of strengthening
mechanisms. It has been reported that the transition
size from shearing to bypass mechanism in Al—Zr
and Al-Sc systems is 4—6 nm [49]. In Fig. 3(f), the
average size of Al;Zr dispersoid is 20 nm, which is
larger than the transition size. As a result, the
Orowan bypass mechanism is considered for Al;Zr
dispersoids. For TiB, particles, it was reported
that Orowan bypass mechanism works in the

Ao, =k 3)

composite [45]. The increase in the YS due to the

Orowan strengthening is formulated as follows:

0.4Gb In(27/b)

w/l-v 4,

AGorowan =M 4
where M is the Taylor factor, which is 3.06 in the
present study; v and G are the matrix Poisson ratio
and the shear modulus, which are 0.33 and
26.9 GPa, respectively; b is the magnitude of the Al
matrix Burgers vector which equals 0.286 nm [48];
7 is the mean radius of a circular cross-section
in a random plane for a spherical precipitate
(7=\/%r ); Ap 1s the inter-precipitate spacing. The
/p, measured by Image J software is (150+22) nm.
The Ao0orwan estimated is 98.8 MPa (70.3%
(=98.8/140.5)) for the Zr—7085A1 sample [50]. For
7TiB,—7085Al sample, it is difficult to evaluate the
exact Orowan strengthening contribution because
TiB, particles are not in ideal uniform distribution,
and a part of TiB, particles are distributed on the
GBs with the second phases. This is believed to
have the adverse effect on the mechanical strength
of composites. The estimated Orowan strengthening
contribution is equal to 26—76 MPa (16.7%—48.7%
(=26/156.1-76/156.1)), assuming that 20%—70% of
TiB, particles are well distributed inside the grains.

The overall dislocation will be increased by
the introduction of non-deformable particles. It has
been observed that dislocation loops are formed
around non-deformable particles due to the
differences in the elasticity and plasticity of
dispersoids and matrix. The dislocations interact
with themselves and impede their own motion,
which can enhance the yield strength of the material.
The increase in yield strength due to improved
dislocation density can be depicted using
Bailey—Hirsch relationship [51]:

Ao, :MaGb\/; (5)
where o is a constant equal to 0.2, and p is the
dislocation density. The estimated dislocation
strengthening for the Zr—7085Al sample is
33.5 MPa (23.8% (=33.5/140.5)) considering the
normalization method. Meanwhile, it has been
reported by LIU et al [18] that the increase in the
YS due to the dislocation strengthening is about
92 MPa for 5TiB,—7050Al composite. Here, the
estimated dislocation strengthening is 109 MPa
(69.8% (=109/156.1)) for the 7TiB,—7085Al sample
assuming that the dislocation increment has an



2204 Hong-yu XIAO, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2189-2207

approximate linear relation with the TiB, content.

Conclusively, the addition of TiB, particle and
Zr can both remarkably enhance the yield strength
of the matrix alloy. With 7 wt.% TiB, addition, the
yield strength of the composite can reach the
similar level with the Zr-containing alloy. The main
strengthening mechanisms for Zr-containing alloy
are the Orowan strengthening (70.3% (=98.8/
140.5)) and the dislocation strengthening (23.8%
(=33.5/140.5)). Comparably, Orowan strengthening
(16.7%—48.7% (=26/156.1-76/156.1)), GB strength-
ening (18.6% (=29/156.1)) and dislocation
strengthening (69.8% (=109/156.1)) should all be
taken into consideration for the composite.
4.2.2 Elastic modulus

The Zr addition has little effect on the elastic
modulus of the matrix alloy (Table 3). However, it
is obvious that the elastic modulus increases
steadily as the TiB, content increases in the
composites. The Tsai—Halpin equation can be used
to predict the elastic modulus for the composite
(E.). The equation is as follows [52]:

EC:Em(11+2577Vp) )
—nV,

where E,, (69.2 GPa) is the elastic modulus of the
matrix; ¥}, is the volume content of TiB, particle in
the composite; s is the particle aspect ratio.
Specially, s is assumed to 1 since most TiB,
particles have cubic or near-spherical shapes. The
parameter # can be calculated by the following
equation:

. (£,/E0-1) o
(Ep/Em+2s)

where E, (529 GPa) is the elastic modulous of TiB,
particles.

The calculated elastic moduli of the
composites according to the Tsai—Halpin equation
are 72.1 GPa for 3TiB,—7085Al and 75.6 GPa for
7TiB,—7085Al. It is apparent that the estimated
results for the composites fit well with the
experimental results (Table 3).

5 Conclusions

(1) TiB; particles can remarkably refine grain,

and the average grain size in the as-cast composite
decreases with the increasing TiB, content.

(2) TiB, particles have the clean interface with
the Al matrix. The proper TiB, addition may
promote recrystallization by the PSN effect.
However, these particles can effectively inhibit
recrystallization growth and stabilize grain structure.
Meanwhile, the Al;Zr dispersoids can both inhibit
recrystallization and stabilize grain structure.

(3) TiB, particles can accelerate the aging
kinetic of the composite, and the time to reach the
peak-aged hardness is shortened by the introduction
of TiB, particles. Meanwhile, the Zr addition has
minor effect on the aging behavior of the material.

(4) TiB, particles can give rise to quench
sensitivity but can significantly improve the yield
strength and ultimate tensile strength of the material.
With 3 wt.% TiB, addition, the quench sensitivity of
the composite can be similar to that of the Zr
containing alloy. With 7 wt.% TiB, addition, the
yield strength and ultimate tensile strength of the
composite can be at the same level to those of the
Zr-containing alloy.
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