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This study investigates the effects of annealing and annealing temperature
on the temperature-dependent coefficient of thermal expansion (CTE) for two
advanced materials: sintered Al-Si—Ni alloy and Al-TiC composite with in
situ synthesized carbide particles. The experiments reveal significant differ-
ences in the annealing impact on the CTE behaviour of these materials. For
the Al-TiC composite, the CTE demonstrates an Arrhenius-type dependence
on temperature, with annealing causing a consistent reduction in CTE across
the studied temperature range. While the activation energy associated with
the Arrhenius-type dependence remains unaffected largely, the pre-
exponential factor is altered significantly, pointing to structural and micro-
structural transformations. XRD analysis confirms that increasing the an-
nealing temperature decreases the crystallite size, particularly, in the car-
bide phase, that correlates with the observed CTE reduction. In contrast, the
Al-Si—Ni alloy exhibits a more complex response to annealing. Annealing at
420°C increases slightly the CTE at higher measuring temperatures
(> 100°C), while annealing at 550°C causes a notable rise in CTE at lower tem-
peratures and leads to more stable, nearly linear temperature dependence.
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Crystallite size in the alloy increases with annealing, aligning with the ob-
served rise in CTE. These findings highlight the critical role of microstruc-
tural changes induced by annealing in controlling the thermal-expansion
properties of Al-based alloys. Understanding these mechanisms offers valua-
ble insights for tailoring material performance in applications requiring pre-
cise thermal stability.

Key words: coefficient of thermal expansion, sintered aluminium alloys, al-
uminium-matrix composites, annealing, structure, crystallite size.

¥ mocaimkeHHI TpoaHAII30BaHO BIJIMB TEMIIEPATYPH BifTIary Ha TeMIIEPATYP-
HY 3aJIe:KHicTh KoedirienTa repmiunoro posmupensa (KTP) qma neox cyuac-
HUX MaTepianiB: cueuenoro cromy Al-Si—Ni ta kommosuty Al-TiC 3 Kap6in-
HUMU YaCTUHKAMU, CUHTE30BAHUMM in Situ. EKcepruMeHTH BUABUIN 3HAUHI
BinminzocTi y moBeginmi KTP nux marepianis micaa signany. g koMoosury
Al-TiC KTP gemoHCTpye 3aJieKHICTh Bifi TeMmepaTypu TUIY AppeHitocoBoi,
IIPUYOMY Bifmas cupmumHse nocriiHe noHmkenHa KTP y Bcromy mocmimsxe-
HOMY TeMIIepaTypHOMY miAmnasoHi. Xoua eHepria akTuBailii, moB’s3aHa i3 Ap-
PEHiI0COBOIO 3aJIEKHICTIO, 3aJUINAETHCI MaliKe He3MiHHOI0, 3HAUHO 3MiHIO-
€ThCSA MEePeIeKCIOHEeHITINHNYT MHOKHUK, II10 BKa3ye HAa CTPYKTYPHIi Ta MiKpo-
CTPYKTYpPHiI Tpamchopmarii. Aumamisa 3a momomoroio audpaxiii X-mpoMeHiB
ToKasaJjia, 10 3 MiJBUINEHHAM TeMIepaTypHu Bifmanay 3MeHIIYETHCS PO3Mip
KpucTaxiTiB, ocobauBo y Kapbimuii ¢asi, 1o Kopesioe 3i cmocTepeskyBaHUM
noumkenHaMm KTP. Croan Al-Si—Ni mokasas CKJIamHilly peakiriio Ha Bimmadl.
Bignan 3a remmeparypu y 420°C Hesuauno 30iabimus KTP 3a Butiux remmepa-
Typ Mipauea (> 100°C), Toxi ax Bigman 3a 550°C cuprynHMB mOMiTHE 3pOC-
ranHa KTP 3a auixumx Temmneparyp i npusiB mo crabisbHOI, Maityke iHiTHOL
sasexxaoctu KTP Big remneparypu. Posmip kpucrasitiB y croni 30iabmryBas-
cd micasa Bigmairy, 1o y3romxyeTtbes 3i apocranaam KTP. IMi pesyabsraTtu mia-
KPECIII0TH KJIIY0BY POJIb MiKPOCTPYKTYPHUX 3MiH, CIPUYMHEHUX BignamoMm,
Yy PperyjioBaHHI BJIACTMBOCTEN TEPMiUHOI'O POSIIMPEHHS CTOIIB Ha OCHOBi
anmoMiHiro. PosyMinHA mux MexaHidMiB 1ae 3MOTy BIOCKOHAIIOBATH MaTepid-
JIU 1151 BaCTOCYBaHb, IO MTOTPEO0YIOTh BUCOKOI TepMiuHOI cTabiTbHOCTH.

Karouosi ciioBa: KoedillieHT TEIJIOBOTO PO3UIMPEHHHA, CIeYeHi amoMiHiioBi
CTOITH, ATIOMiHifIOBI MATPUYHI KOMIIO3UTH, BifiTIaj, CTPYKTypa, po3Mip Kpucra-
JiTiB.

(Received 9 May, 2025; in final version, 15 October, 2025 )

1. INTRODUCTION

The field of device construction, particularly for aerospace applica-
tions, necessitates lightweight materials with specific physical proper-
ties [1, 2]. One critical property is a coefficient of thermal expansion
(CTE) compatible with materials such as steel and copper alloys. This
compatibility is essential for orientation and navigation devices in fly-
ing objects, where dimensional instability can account for 20-50% of
total device error [3]. Consequently, the development of lightweight
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materials with low CTE values remains a pressing challenge in modern
metallurgy and materials science.

Aluminium serves as the foundation for many lightweight materials
due to its numerous advantages: low density (2700 kg/m?), high corro-
sion resistance, excellent plasticity, affordability, non-toxicity, and
ease of processing [4]. These properties often surpass those of other
lightweight metals like magnesium, beryllium, or lithium. However,
aluminium high linear thermal-expansion coefficient (23.4:10 %K™ in
the 20-100°C range) [5] presents a significant drawback compared to
materials like steel (2 10-15-10° K™) [6] and copper (16.8-10 ¢ K™) [7].
Therefore, reducing aluminium CTE through specialized alloying is
crucial for its application in precision instrument making.

The Al-Si—Ni alloys, which contain 25-30% wt. silicon and 5—7%
wt. nickel, exhibit CTE values comparable to steel. However, manufac-
turing homogenous Al-Si—Ni alloys with appropriate structures and
properties poses significant challenges due to their broad solidification
temperature range [8]. For example, an alloy with 30% wt. silicon and
7% wt. nickel has a liquidus temperature of = 850°C and a solidus tem-
perature of 557°C, as illustrated in Ref. [8]. During this interval, sili-
con and intermetallic compounds, known for their brittleness, tend to
grow within the liquid phase, leading to phase segregation due to the
difference in density. As a result, casting is unsuitable for these alloys,
and production typically relies on powder metallurgy. This method in-
volves pre-alloyed powders produced through rapid solidification, fol-
lowed by solid-phase sintering and hot deformation processing [9]. On-
ly this approach ensures a homogenous structure with fine silicon and
Al;Niinclusions and acceptable mechanical properties [10].

As an alternative to A1-Si—Ni alloys, aluminium matrix composites
(AMCs) are gaining attention. AMCs reinforced with ceramic particles
exhibit superior strength, elastic modulus, and resistance to creep and
fatigue compared to unreinforced aluminium. These properties make
them highly attractive for the aerospace and automotive industries. In
addition to improved strength, AMCs demonstrate enhanced hardness
and wear resistance. Commonly used reinforcements include SiC,
Al;O3, TiC, and TiB: [11-16]. Among these, AlI-TiC composites stand
out due to their excellent wear resistance, high strength-to-weight ra-
tio, and mechanical properties. Moreover, the lattice parameters of
TiC particles closely match those of solid aluminium, making them ef-
fective nucleation centres during the alloy crystallization [17, 18].

Several techniques are available for making particle-reinforced
metal matrix composites (MMCs), ranging from casting [19, 20] to
powder metallurgy (PM) methods [17, 20]. The segregation of rein-
forcement during solidification limits the performance of cast-route
composites in various applications. Inhomogeneous distributions of
the reinforcement have been widely reported to deteriorate mechanical
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properties, particularly fatigue and fracture performance [19].

AI-TiC composites hold a key position among materials with low co-
efficients of thermal expansion, particularly for use in high-precision
equipment and electronics. These composites are notable not only for
their reduced CTE but also for their enhanced strength and hardness.
Titanium carbide (TiC) forms exceptionally strong bonds with the alu-
minium matrix, making these materials resistant to mechanical de-
formation, even at elevated temperatures [21]. The presence of TiC
particles limits the thermal expansion of the aluminium matrix while
contributing to improved heat resistance. However, this comes at the
expense of reduced plasticity, as the rigid TiC particles restrict the ma-
trix’s ability to deform under stress. Thanks to their high-temperature
stability, Al-TiC composites are particularly suitable for demanding
applications such as engine components and heat dissipation systems,
where performance under high loads is critical.

The most common method for producing Al-TiC composites is pow-
der metallurgy, which ensures a uniform distribution of TiC particles
within the aluminium matrix. This process typically involves mixing
aluminium and titanium carbide powders, followed by pressing and
sintering in a vacuum or an inert gas environment, such as argon.
Compared to traditional casting, powder metallurgy offers significant
advantages, including minimized chemical reactions between the alu-
minium matrix and TiC reinforcement, as the synthesis occurs at lower
temperatures [18]. However, a challenge with this approach is the poor
wettability of titanium carbide particles by aluminium, often caused
by oxide films on the TiC surface. This issue can limit the potential
benefits of carbide reinforcement [22].

To overcome this limitation, alternative technologies have been de-
veloped, including the use of Al-Ti—C master alloys. These master al-
loys are created via in situ reactions in a mixture of elemental alumini-
um, titanium, and carbon powders, resulting in the formation of finely
dispersed TiC particles within the aluminium matrix. This process oc-
curs at relatively moderate temperatures (900-1000°C) [22—-26], pro-
ducing composites with improved properties.

One of the most promising techniques is in situ thermal synthesis,
which ensures the formation of submicron-sized, spherical TiC parti-
cles that are well integrated into the aluminium matrix [27-29]. This
method can avoid undesirable structural components formation, such
as ternary carbides (MAX phases), intermetallics, or unreacted carbon
residues. Figure 1 shows an isothermal section of the Al-Ti—C phase
diagram at 900°C, calculated using the CALPHAD method [30, 31]. In
this diagram, the marked narrow two-phase region that represents the
AI-TiC equilibrium seems to be an ideal for thermal in situ synthesis of
Al-TiC composites.

Studies [27, 28] have demonstrated that, when the aluminium con-
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Fig. 1. Isothermal section of the calculated phase diagram of Al-Ti—C for 900°C
[30].

tent exceeds 45%, the resulting TiC particles have roundish polyhe-
dral submicron-sized shape, as shown in the micrograph in Fig. 2.
These particles enhance the composite overall properties, making Al—
TiC an ideal material for advanced applications.

Increasing the volume of carbides in the aluminium matrix is an ef-
fective way to lower the composite coefficient of thermal expansion.
However, higher carbide content tends to increase porosity, which can
adversely affect the composite mechanical properties [32]. In AI-TiC
composites, the typical content of titanium carbide particles is limited
to 10-15%. Beyond this range, the material plasticity decreases sig-
nificantly, and its machinability becomes more challenging [33].

One promising solution to this issue is the application of additional
hot stamping processes. This technique has been shown to reduce po-
rosity, even at higher carbide concentrations, enabling the production
of composites with exceptionally low CTE values (comparable to steel),
while still retaining acceptable mechanical properties [28].

Despite significant advancements in the production and application
of Al-TiC composites, their thermal expansion behaviour remains in-
sufficiently studied. This is particularly true for their response to
long-term high-temperature exposure, such as annealing. Similarly,
for both Al-Si—Ni and AI-TiC composites, there is a lack of detailed
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Fig. 2. Typical SEM image of the structure of in situ synthesized Al-TiC com-
posite (45% Al)[27].

information regarding the impact of annealing on CTE values and how
these values vary with temperature.

The present investigation aims to address this gap by exploring the
relationship between annealing temperature and the CTE of these
composites. This study seeks to provide new insights into the tempera-
ture-dependent behaviour of Al1-TiC and Al-Si—Ni composites.

2. MATERIALS AND METHODS

The materials investigated in this study were an Al-Si—Ni sintered al-
loy and an Al-TiC composite, with their compositions summarized in
Table 1.

Since the prior studies revealed that the A1-Si—Ni alloy production
through merely mixing the does not achieve the desired mechanical
properties and leads to a coarse structure even after hot stamping, pre-
alloyed powder has been used [9]. The Al-Si—Ni alloy was prepared

TABLE 1. Compositions of the studied materials (% wt.). The composition of
Al-TiC composite reflects the mass proportions of the initial materials for
synthesis, corresponding to approximately 55% TiC by weight.

o Al Si Ni
Al-Si—Ni sintered alloy 65.8 98.5 5.7
Al Ti C

Al-TiC composite
45 44 11
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from powder of ground rapidly solidified ribbons produced using the
melt-spinning technique. The ribbons with a thickness of 30—50 um
and a width of 9-12 mm were fabricated by casting molten material
onto a rotating copper reel under controlled conditions, including a
melt temperature of 1080°C, precise crucible pressure, and drum rota-
tion speed. The process was conducted under a protective helium at-
mosphere using quartz crucibles at the G. V. Kurdyumov Institute for
Metal Physics, N.A.S. of Ukraine [10].

The ribbons were mechanically ground in a Fritsch Pulverisette P-6
planetary ball mill to produce alloy powder. Grinding parameters in-
cluded a rotation speed of 200 rpm, a ball-to-powder mass ratio of 10:1,
and a grinding duration of 30 minutes with 12 steel balls (20 mm diam-
eter) and approximately 37 g of powder. The resulting powder had an
average particle size of 106 = 5 pm, with particle sizes ranging from 4
to 381 pm.

Compaction of the A1-Si—Ni powders was achieved using a hydraulic
press at pressures of 500—-600 MPa. The powders were compacted into
low-carbon steel capsules with external and internal diameters of
28 mm and 32 mm, respectively, and a total height of 37 mm (including
the base and lid). These capsules optimized the deformation process
and ensured uniform compression. Sintering was performed at 530°C
for 2 hours, preceded by degassing at 350°C for 30 minutes. This tem-
perature was selected to remain below the ternary eutectic point (540—
550°C) for rapidly solidified materials with non-equilibrium phases, as
noted in Ref. [3]. Solid-phase sintering was employed to prevent liq-
uid-phase formation, which could lead to porosity and chemical distor-
tion, as observed in earlier studies [10].

Hot deformation (forging) of the sintered samples was conducted at
520°C in a specially designed die. Before forging, the samples under-
went additional lateral compression (20—-30%) at the same tempera-
ture. After forging, the steel shells were removed by machining. The
final samples exhibited no brittle fractures and were suitable for fur-
ther processing.

Thermal synthesis of the Al-TiC master alloy followed the proce-
dures detailed in Refs. [23, 27, 28]. Initial aluminium, titanium and
carbon (graphite) powders mixtures has been blended in a barrel mixer
with alcohol, pressed into briquettes at 500 MPa using a hydraulic
press (GP60), and sintered in an argon-filled sealed chamber at 950°C
using indirect induction heating. The sintered briquettes (spongy and
porous because of TiC synthesis reaction) were subsequently crushed in
a planetary mill for 5—15 minutes to achieve the desired particle size,
with sieving used to ensure a maximum particle size of 10 pum. The ob-
tained particles were polycrystalline aggregates of TiC crystals in alu-
minium matrix. The obtained powder was then pressed at 550 MPa into
blanks measuring 40 mm in diameter and 12 mm in height. These
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blanks were sintered in argon at 600°C for 1 hour and then subjected to
hot stamping in a semi-closed die on an arc-stator press.

Post-stamping annealing was performed in a laboratory muffle fur-
nace (SNOL 7.2/1300, ThermoLab) at 400°C, 500°C, and 600°C for the
Al-TiC composite and at 420°C and 550°C for the A1-Si—Ni system ma-
terial samples. The duration of the annealing for each case was 2 hours.
Dilatometric measurements were carried out using a dilatometer with
an inductive transducer. The error of CTE estimation on the final ex-
perimental curves was +0.3:10®K™. Microstructural analysis was
conducted using an optical microscope (BH200M-RT) with digital mi-
crographs captured using a SIGETA M3CMOS 32000 camera. The x-
ray diffraction (XRD) study of the materials was carried out on a
DRON-4 diffractometer with radiation MoK,

3. RESULTS AND DISCUSSION
3.1. Coefficient of Thermal-Extension Temperature Dependence
3.1.1.CTE of Sintered Al-Si—Ni Alloy

Figure 3 presents the temperature dependence of the studied Al-Si—Ni
alloy CTE in temperature range of 50—300°C in its initial and annealed
states. The studied samples were in the initial state and annealed at
420 and 550°C. From the provided plots, we can see that the CTE val-
ues of Al-Si—Ni alloy significantly increase with the temperature. For
instance, in the initial state at 50°C its value is the lowest observed at

[
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Fig. 3. Influence of annealing on the sintered Al-Si—Ni-alloy CTE tempera-
ture dependence.
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13.8-:10*K™. However, at 300°C it rises to 16.5-10® K. The growth is
not linear, especially for not annealed and annealed at 420°C samples.
A significant jump is observed in the range of 50—100°C.

Annealing at 420°C almost does not affect the material CTE at lower
temperatures. The observed difference in the range of 50-150°C is
comparable with the measurement accuracy. At higher temperatures,
some slight but notable (20.5-10 K™!) increase of CTE for the an-
nealed at 420°C specimen is observed. Annealing at 550°C leads to
more significant growth of CTE at lower temperatures: for 50°C, the
difference is of 1.3-10 K™, and for 100°C, it is of 0.66-107¢ K. How-
ever, at temperatures higher than 200°C, the difference becomes in-
significant and close to the measurement inaccuracy. It could be seen
that, after annealing at 550°C, CTE of the material appears more sta-
ble—the mentioned jump at 50—-100°C disappeared and its temperature
dependence becomes almost linear and less pronounced.

Regarding the nature of the effect of annealing on the CTE, it can be
assumed that annealing somehow affects the redistribution of the final
mechanical stresses between the matrix and the silicon and intermetal-
lic particles. Annealing can stabilize finely dispersed, in particular in-
termetallic, particles and prevent their agglomeration. When the par-
ticles remain evenly distributed and are not prone to coalescence, this
contributes to an increase in the density of interphase boundaries,
since each particle forms its boundary with the matrix. Annealing
helps to eliminate residual stresses accumulated during the defor-
mation of the composite. This relaxation contributes to the redistribu-
tion of particles at the microstructural level, where strong adhesion
between the phases creates additional interphase boundaries.

3.1.2.CTE of Al-TiC Composite

The CTE temperature dependence of the Al1-TiC composite was studied
for the cases of annealing temperatures of 400, 500 and 600°C. CTE of
the non-annealed samples has not been studied. The temperature de-
pendencies of CTE values for the studied annealing temperatures are
presented in Fig. 4.

From the presented results, it is evident that the CTE of the AI-TiC
composite under consideration increases noticeably with a rise in tem-
perature. Unlike the Al-Si—Ni system, annealing in this case signifi-
cantly reduces the CTE. Furthermore, the observed reduction is rela-
tively uniform across all temperatures. Increasing the annealing tem-
perature further decreases the CTE.

The supposed reasons of the observed effect might be related to the
relaxation of residual stress, dislocation density, changes in the mor-
phology of particles or crystallite size caused by the annealing. Anneal-
ing, particularly, at higher temperatures, may lead to the redistribu-
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Fig. 4. Influence of annealing on the Al-TiC composite CTE temperature de-
pendence.

tion of TiC particles within the matrix or changes in the density of in-
terphase boundaries.

3.2. Microstructure of Composites
3.2.1. Sintered Al-Si—Ni Alloy

Microstructure photos of the initial and annealed material’s samples
are shown in Fig. 5. There is no notable difference in the material mi-
crostructure depending on the annealing temperature. In both pre-
sented cases are observed small almost eventually distributed silicon
and intermetallic inclusions in the aluminium matrix. The shape of the
inclusion is close to equiaxed polyhedra. The numerical characteristics
of the microstructure are presented in Table 2, which includes average
sizes of silicone and intermetallic inclusions and a number of all types

DL o Yoo 735 SR P T S T S
: 3

3 BT

Fig. 5. Microstructure of the sintered Al-Si—Ni alloy after forging (a) and
annealing at 420°C (b) and 550°C (c¢).
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TABLE 2. Quantitative characteristics of the sintered Al-Si—Ni-alloy micro-
structure after different annealing temperatures.

Annealing tem- Average inclusions sizes, pm Total number of the in-
perature, °C Si Al:Ni clusions per 1 mm?, x10*
Initial state 2.57+0.13 1.43+0.10 5.42+0.86

420 2.77+0.12 1.80+0.07 4.05+0.30
550 2.81+0.09 1.82+0.10 3.68+0.20

of inclusions per 1 mm?2.

As can be seen in Table 2, some growth of the average inclusion sizes
(both for silicon and for AlsNi) is observed after annealing at 420°C
compared with the initial state. However, the difference in the meas-
ured values of the samples annealed at 420°C and 550°C is very slight
and insignificant. Nevertheless, the difference between the number of
inclusions per 1 mm?, which seems to be a more reliable and precisely
measured parameter, is rather different for all three studied cases.
There is a decrease of this number after annealing and with razing its
temperature. This may indicate some growth of the particles, gradual
vanishing of the smallest ones, and growth in the distance between the
inclusions. This seems to be a typical case of Ostwald’s ripening, which
accelerates with the temperature increasing.

Despite there being no direct evidence that the observed ripening of
the inclusions when annealing effects directly the CTE of the material,
it can be declared that those phenomena accompany each other, in this
case—the particles ripen and CTE values increase when annealing and
temperature growth.

3.2.2. Al-TiC Composite

Typical microstructure images (optical metallography) after annealing
at different temperatures are shown in Fig. 6. The images demonstrate
that the structure does not undergo radical changes under the influ-
ence of different annealing temperatures. Nevertheless, careful quan-
titative evaluation allows for the identification of even minor shifts in
the structure.

The quantitative characteristics of the microstructure are presented
in Table 3. The following parameters have been measured: the size of
TiC particles (measured at x500 magnification), the thickness of car-
bide cluster layers (measured at x200 magnification), and the porosity
estimation (carried out at x50 magnification).

The measurement data indicate that the annealing temperature has
almost no effect on the size of titanium carbide particles. The differ-
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Fig. 6. Microstructure of the AlI-TiC composite after stamping and annealing
at following temperatures: 400°C (a), 500°C (b), 600°C (¢).

TABLE 3. Quantitative characteristics of the Al-TiC-composite microstruc-
ture after different annealing temperatures.

Annealing tem- | TiC particles aver-| Thickness of carbide [Porosity estima-

perature, °C age size, pm cluster layers, uym tion, %
400 2.18+0.11 7.83+0.36 7.8+1.4
500 2.33+0.07 9.84+0.37 4.6+1.5
600 2.40+0.08 11.96 +0.44 3.1+0.9

ence in average values lies within the margin of statistical error. The
size distribution of the particles follows a lognormal pattern, with no
significant differences observed in the nature of the distribution.

The thickness of the carbide cluster layers observed in the structure
changes only slightly with annealing temperature. A visual inspection of
the microstructures reveals that in annealed at lower temperature sam-
ples, the carbide particles are more aggregated into clusters. With increas-
ing annealing temperature, the particles become somewhat more separat-
ed, and more distinct matrix layers appear between them. It was also ob-
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served that annealing reduces porosity in the material. Anyway, the influ-
ence of the annealing on the microstructure seems to be very slight.

3.3. X-Ray Diffraction Analysis
3.3.1. Sintered Al-Si—Ni Alloy

Observed by means of optical microscopy structural changes could only
practically explain the possible reasons for CTE changes after a long-
term thermal impact such as annealing. The x-ray diffraction (XRD)
analysis is able to reveal more fine structure factors, among which are
crystallite sizes and lattice parameters of the phases. An example of an
XRD pattern for the studied material—a case of annealing at 420°C—
is shown in Fig. 7. The present phases are typical and expected for the
material, which are aluminium solid solution—the matrix, silicon and
intermetallic compound AlsNi. The phase composition is qualitatively
and quantitatively identical in each of the studied samples and is not
affected by the annealing. Nevertheless, the XRD analysis reveals also
the crystallite sizes and lattice parameters of the phases, as has been
mentioned above. These results are presented in Table 4.

The given results show that this does not affect the lattice parame-
ters of any phase presented in the material. However, there is a signifi-
cant influence on the crystallite size both for matrix and for inclu-
sions. The crystallite size of the aluminium matrix grew about 1.3 times
after annealing at 420°C and more than 1.3 extra with the rise of the an-
nealing to 550°C. Even more significant grows the crystallite size of sili-
con. For the Al3Ni inclusions, however, only annealing at 550°C can af-
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Fig. 7. Typical XRD pattern for the studied sintered Al-Si—Ni alloy.
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TABLE 4. Effect of annealing temperature on the fine-structure characteris-
tics of the phases present in the sintered Al-Si—Ni alloy according to XRD
analysis.

Annealing tem- Lattice parameters, A Crystallite

perature, °C Phase a b c size, A
Al 4.053 - - 660
Not annealed Si 5.443 - - 700
AlsNi 6.602 7.382 4.811 450
Al 4.057 - - 865
420 Si 5.448 - - 1150
AlsNi 6.620 7.378 4.817 430
Al 4.059 - - 1180
550 Si 5.440 - - 1800
AlsNi 6.619 7.388 4.822 990

fect significantly its crystallite size, which increases more than twice.
Thus, for the studies here sintered Al-Si—Ni alloy annealing leads to
both Ostwald ripening of the inclusions and growth of the crystallite
size of matrix and inclusions. Moreover, the crystallite size of Al3Ni
starts to grow only at high annealing temperatures close to the solidus
temperature. The observed structural changes could result in the men-
tioned CTE changes. It might be assumed that the Al;Ni crystallite size
increase, which appears at 550°C annealing, could be the reason for ob-
served CTE rising at lower measuring temperatures. Moreover, it
might be the phase most responsible for the annealing dependence of
CTE for the material. The matrix and the silicon inclusions (their crys-
tallite growth and ripening) could be responsible for more subtle
changes in CTE temperature behaviour, which are the increase of CTE
at higher temperatures after annealing at 420°C and its relative stabi-
lization at the whole temperature range after annealing at 550°C.

3.3.2. Al-TiC Composite

The carried-out x-ray phase analysis has not shown any significant dif-
ference in the phase composition of the studied samples annealed at
different temperatures. As you can see in the XRD pattern in Fig. 8,
the only observed phases in the material are Al-based solid solution and
TiC. The estimated part of TiC was about 55% wt.

The XRD also provides information on the lattice parameters and
crystallite sizes for each of the present phases. The obtained results are
presented in Table 5. In the XRD study, it was analysed as not annealed
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Fig. 8. XRD pattern for the studied AI-TiC composite.

TABLE 5. Effect of annealing temperature on the fine-structure characteris-
tics of the phases present in the AI-TiC composite according to XRD analysis.

Annealing temperature, °C| Phase |Lattice parameter, A|Crystallite size, A

Al 4.0548 511
Not annealed .
TiC 4.3255 940
Al 4.0597 414
500 .
TiC 4.3272 533
Al 4.0581 310
600 .
TiC 4.3284 480

instead of annealed at 400°C. Others were the same.

We can see that annealing does not have any effect on the lattice pa-
rameters of any phase. However, the impact on the crystallite sizes is
rather more valuable. It is notable that the annealing and its tempera-
ture rising lead not to growth but to a significant decrease of the crys-
tallite sizes both for Al-based solid solution and for TiC. The annealing
almost twice reduces its value for TiC. Rising annealing temperature
from 500°C to 600°C has an additional 10% effect on the crystallite
size of TiC declining.

Thus, for the studied material we observe that the CTE decreasing
with the annealing temperature growth is clearly accompanied by the
crystallite sizes decreasing both for the metal matrix and for the car-
bides. The observed relationship between decreasing CTE and reduced
crystallite sizes is a realistic outcome of annealing. It might highlight
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the complex interplay between microstructure evolution, defect dy-
namics, and interfacial phenomena in determining the thermal proper-
ties of a material.

3.4. Discussion

The relationship between annealing temperature, grain size, and the
coefficient of thermal expansion in MMC is known and a well-
documented phenomenon in materials science for different materials.
Generally, as the grain size decreases, the CTE tends to increase due to
the enhanced contribution of grain boundaries, which have different
thermal expansion behaviours compared to the grain interiors. For ex-
ample, in work [34], they studied the effects of grain size on the ther-
mal expansion behaviour of the Fe—Ni invar alloy. The results showed
a possibility of achieving different thermal expansion coefficients over
a wide range of (3.1-7.8)-10% K™! for the same alloy through grain size
control. The thermal expansion difference between grain boundaries
and crystallites was enlarged in the invar alloy.

However, in certain MMCs, increasing the annealing temperature
can lead to a reduction in CTE. This effect is often attributed to the re-
laxation of residual stresses and changes in the microstructure, such
as the redistribution of reinforcing particles like carbides within the
metal matrix. For instance, in aluminium matrix composites rein-
forced with silicon carbide SiC and other particles, heat treatment has
been shown to influence mechanical properties and thermal expansion
[35]. Specifically, the CTE after treatment without reinforcement ap-
plied was reduced, while no significant difference was seen with rein-
forcement applied.

Additionally, the presence of reinforcing particles with a lower CTE
than the metal matrix can lead to a mismatch in thermal expansion,
inducing internal stresses that affect the overall CTE of the composite.
The distribution and morphology of these particles, influenced by an-
nealing, play a crucial role in determining the composite’s thermal ex-
pansion behaviour [36].

The study [37] declares that, despite the known fact that the CTEs of
alloys and composites are mainly changed by a volume fraction and
shape of the second phases [38, 39], the CTE of particle-reinforced
MMCs is affected by several other factors. These include: plasticity
due to CTE mismatch between reinforcement and matrix, during heat-
ing or cooling; reinforcement fracture, residual stress, and local
stresses at points of contact between reinforcement [40]. An incom-
pressible plastic layer may form at the particle/matrix interface, and
result in a lower expansion of the matrix, and thus, the overall compo-
site [41]. The CTE of the composite is generally less than the rule of
mixtures value because the presence of ceramic particles (usually of
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low CTE) introduces a constraint on the expansion of the metallic ma-
trix (usually of high CTE). In this regard, it is important to point out
that interface can exert some influence on the value of CTE, especially,
for very small particle sizes.

Thus, the observed here influence of annealing and its temperature
on the Al-based MMCs’ CTE and its relationship with the crystallite
sizes does not contradict general concepts for such composites. Moreo-
ver, the obtained results significantly complement the insight into the
thermal dependence of sintered A1-Si—Ni and Al-TiC materials CTE and
the annealing effect on it observed at different temperature ranges.

It was shown that annealing could either increase or decrease the
crystallite size, but lower crystallite size for the studied here composites
often means the lower values of CTE. In the sintered Al-Si—Ni alloy, an-
nealing and raising its temperatures results in crystallite size increasing
and inclusions ripening that leads to CTE increase. A key role in this
phenomenon can be played by Al3Ni particles, the crystallite growth of
which after high-temperature annealing can lead to an increase in the
CTE at lower temperatures and its relative stabilization. On the other
hand, the Al1-TiC shows the contrary reaction on annealing—its crystal-
lite decrease, which may lead to the observed CTE lowering.

4. CONCLUSIONS

An experimental investigation was carried out to study the influence of
annealing and its temperature on the temperature dependence of the co-
efficient of thermal expansion for sintered Al-Si—Ni alloy and AI-TiC
composite material containing in situ synthesized carbide particles.

The CTE of both materials increases with rising temperature. How-
ever, the effect of annealing on the sintered Al-Si—Ni alloy CTE dif-
fers from that observed in the Al-TiC composite. Annealing at a lower
temperature (420°C) slightly increases the CTE at higher (> 100°C)
measuring temperatures. In contrast, annealing near the solidus tem-
perature (5650°C) significantly raises the CTE at lower measuring tem-
peratures, makes it more stable, and results in nearly linear tempera-
ture dependence.

Changes in CTE following annealing are accompanied by structural
modulations. Notably, variations in crystallite size, determined
through XRD analysis, were observed. A decrease in crystallite size
correlates with a reduction in CTE for both materials. However, an-
nealing affected crystallite size differently in the studied materials: in
the sintered Al-Si—Ni alloy, annealing and increased temperature led
to larger crystallites, whereas in the Al-TiC composite, higher anneal-
ing temperatures caused a reduction in crystallite size, particularly in
the carbide phase. These differences in the effects of annealing on
crystallite size are likely contributing factors to the contrasting CTE
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behaviours of the two materials.
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