
  
Abstract—A sample-free method for determination of the 

linear thermal expansion coefficient (LTEC) and the speckle-
interferometer setup are developed. The method and setup 
were evaluated using samples from a material with known 
LTEC value. The method is applied to LTEC measurement for 
AM fabricated aluminum-matrix composite materials of the 
Al-Si-Ni system directly on the hot-pressed cylindrical 
briquettes. The measurement left the material suitable for 
further use. The method enables LTEC measurements in three 
mutually perpendicular directions to estimate LTEC 
anisotropy. Aluminum-matrix composite materials 
manufacturing techniques are discussed. Conclusions are 
drawn on influence of disperse nanocarbon additives on LTEC 
of the considered AM fabricated composites.  
 

Index Terms—thermal expansion coefficient, measurement, 
non-standard sample, aluminum-matrix composite, electron 
speckle-interferometry 
 

I. INTRODUCTION 

 
DDITIVE Manufacturing (AM) technologies are an 
exciting area of the modern industry and have 

applications in instrumentation, engineering, medicine, 
electronics, aerospace industry, and other fields [1-3]. The 
present methods tor LTEC measurements, as a rule, imply 
use of the dilatometers with standard samples with diameter 
up to 20 mm and length up to 100 mm [4]. If the samples 
have other shapes and sizes one should adapt various 
approaches and techniques for these samples [5].  

In present paper we report on sample-free method for 
determination of the linear thermal expansion coefficient 
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(LTEC), based on electronic speckle-interferometry method 
[6], [7]. The LTEC measurements for AM fabricated 
aluminum-matrix composite materials directly on the hot-
pressed briquettes produced by various technologies are 
performed by using this technique. To reveal the possible 
anisotropy of LTEC, the measurements were taken in three 
mutually perpendicular directions on sets of briquettes. 

It is difficult to make more than one standard sample out 
of a single briquette. Then, for one briquette, the LTEC is 
usually defined just for a single direction. After 
manufacturing of a standard sample of the briquette does not 
suit as a billet any more.  

Using the LTEC measurement technique described below 
the initial briquettes remain almost intact, remaining suitable 
for further exploitation after measurements. The similar 
technique, but suitable only for standard samples, was 
discussed in [8]. 

II. LTEC MEASUREMENT METHOD  
The speckle-interferometry measurement method consists 

of following steps: 1) preparation of the object: drilling of 
small blind holes for thermocouples and deposition of 
parallel slits perpendicular to the direction in which the 
LTEC is determined. 2) heating of the briquette up to the 
temperature exceeding the top temperature of the measuring 
interval by approximately 10%, 3) putting the heated 
briquette according to the chosen direction of LTEC 
measurement onto the supports, which are two parallel 
console plate-like sensitive elements, 4) registration of 
temperature variation for the briquette at its cooling and 
displacements of the sensitive elements edges contacting it, 
5) calculation of the LTEC in the predetermined temperature 
interval.  

Control of uniformity of initial heating up of the briquette 
was done by the two thermocouples, first of which was 
inserted into a hole in the middle of a face surface of the 
cylindrical briquette, and the second one in a hole in the 
middle of its side surface.  

As the briquette cooled down, its shortening was 
controlled by registration of bending displacements of 
supporting plates by the speckle interferometer electronics, 
and temperature variation was measured by the 
thermocouple inserted into a hole between slits. 

Fig. 1, a shows us the briquette 1 placed on top of the 
sensitive elements 2 in the form of rectangular plates 
cantilever-fixed in the lower basis; by 3 and 3ʹ we denote the 
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rotary mirrors providing lighting and display of the front 
planes of plates into the video-camera of interferometer. 
Microdisplacements of the plates surfaces were registered as 
speckle interferograms. The magnified characteristic a 
speckle interferogram of plates bending, generated at 
briquette's temperature variation and, respectively, change 
of its length is illustrated on Fig. 1, b.  

 

 
 

Fig. 1. Measurement of sample length variation at change of its 
temperature: (a): 1 is briquette, 2 are supporting plate-like sensitive 
elements, 3, 3 ʹ are rotary mirrors, (b) is interferogram.   
 

The LTEC of a briquette in the chosen direction was 
determined by the total number of interference fringes on 
both sensitive elements registered in the chosen temperature 
range during briquette cooling. The known formula of 
thermal lengthening of the rod was used in form 
 
∆l= lα∆Т                                                                           (1) 
 
wherein α is the linear expansion coefficient, l is the initial 
length of a rod, ∆l is a length of increment, ∆Т is a 
temperature variation.  

The distance between the ends of sensitive elements 
was accepted as the initial length of the rod. Change of this 
distance is calculated by equation 
 
∆l=λN/2                                                                             (2) 
 
where N denotes total number of interference fringes on a 
sensitive elements, λ is a laser wavelength (in this case 
λ = 0,532 microns). 

After substituting equation (2) in (1) we can obtain 

 
α = λ N/(2l ∆Т)                                                                  (3) 
 
The equation (3) allows us to calculate the LTEC of the 
sample by total displacements of the ends of sensitive 
elements in the predetermined temperature range. 

III. MATERIALS FOR THE STUDY 
The studied composites of the Al-Si-Ni system are 

intended for use in precise instruments where objects with 
small temperature drift are required, i.e. the low LTEC of 
the material is important. Composites of this system have 
low LTEC up to 10-13 ppm/°C. The decreasing of the 
composite LTEC is made by introducing of the greatest 
possible quantity of Si by different ways since the LTEC for 
silicon is six times less, than for Al and the LTEC of 
composite material goes down at increase of silicon 
concentration [9]. Nickel also lowers LTEC, but its content 
is limited because big density of nickel substantially 
increases density of the composite and increase the mass of 
objects made from such materials.  

Such composites are obtained by a multistage 
technological processes. During production of these 
composites, the Si, lowering LTEC, is introduced into 
aluminum matrix by the activational mechanical alloying up 
to the volume fraction of 48-50% [10], [11]. In the set of 
briquettes considered for testing the composite was obtained 
by alloying the powder of quickly crystallized matrix 
hypereutectic silumin in high-energy devices and 
subsequent hot pressing in high vacuum [12], [13]. 
Additionally, a briquette from a perspective composite 
obtained by infiltration of aluminum melt of brand 5083 into 
carbon fibers and containing 30% of carbon fiber is 
considered. 

For powder particles balling up prevention during 
mechanical alloying the surfactants which are performing 
technological lubrication are used. For example, stearins, 
paraffins. However, these traditional organic substances at 
compaction and heating partially decay accompanied with 
hydrogen formation which is the reason of excessive 
residual porosity of the final product (more than 10% 
volume) that negatively influences on material properties. 
Reduction of porosity down to 1-2% is possible if disperse 
carbon is used as a surfactant. At the same time composites 
with aluminum and its alloys matrix and various micro or 
nano-disperse carbon fillers are also interesting in 
connection with a potential possibility of constructions 
weight decrease. 

Carbon fillers can be in the form of soot, the electrode 
graphite ground to 2 microns, nanotubes and nanofibers 
having the high strength and thermal-mechanical properties 
[14]. Unfortunately, using electrode graphite [15] 
considerable agglomeration of particles of powder is 
observed, while device warms up demanding interruption of 
production process for cooling. The potential advantage of 
nanotubes and nanofibers use is strictly established, as soon 
as many studies revealed a problem of their metallic 
bonding with the matrix [16]. The special attention is drawn 
by surfactant additives as disperse graphene or its 
modifications, particularly by the restored graphene oxide 
(RGO) or a low-layer graphene (FLG) [17]. RGO is the 
nanocarbon material obtained from natural graphite by 
means of its oxidation, exfoliation and thermal recovery. It 
exhibits high greasing ability, dispersion, high specific 
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surface and low friction coefficient. Nanoparticles of RGO 
have high (up to 20000) relation of average diameter of 
particles (down to 20 microns) to their thickness (2-10 
atomic layers).  

We studied cylindrical briquettes with diameter of 50 mm 
and height 30 mm. 17 briquettes from composites of the Al-
Si-Ni system and a briquette from a perspective composite 
containing 30% of carbon fiber were selected from the 
batches for LTEC measurements.   

Preparation of briquettes for LTEC measurement 
consisted in cutting of pairs of parallel slits on one side 
surface and on one of the face planes of the briquettes. Slits 
were necessary for fixing the length and direction of a basic 
segment, and for prevention of slippage which could happen 
at briquette putting over the smooth surface of supporting 
plates. According to orientation of the slits, LTEC 
measurement in 3 directions was provided by: lengthwise, 
radial and chord. The holes for thermocouples placement 
were drilled between the slits. One of such briquettes with 
the slits oriented for LTEC measurement in lengthwise (1), 
chord (2) and radial (3) directions is shown on Fig. 2; the 
holes for thermocouples (4, 5) are also visible. The same 
sized sample from aluminum D16 alloy with known LTEC 
was prepared similarly to test the LTEC measurement 
technique. 

After our measurements, some samples were made out of 
a part of briquettes to perform LTEC measurements on the 
dilatometer DIL 402PC "Netzsch" by a standard method.
  

 
Fig. 2.  Al-Si briquette with slits oriented for LTEC measurements in 
lengthwise (1), chord (2) and radial (3) directions; 4, 5 indicate holes for 
thermocouples. 

IV. LTEC MEASUREMENTS RESULTS AND THEIR DISCUSSION 
Measurements of LTEC in the lengthwise direction were 

taken on all briquettes, in the chord and radial directions 
were taken on a part of briquettes as LTEC anisotropy in 
various directions for the tested powder composites was 
small. A series of measurements of no less than three tests 
was performed on each briquette in the chosen direction. 
The measurement was performed during the whole time of 
briquette cooling from the temperature of 150°C down to 
room temperature. Their cooling rate was relatively low due 
to considerable mass of briquettes. The unevenness of 
temperature distribution on the briquette did not exceed 1°C 
In during the whole cooling period. 

The results of LTEC measurements on all tested 
briquettes for temperature intervals 20-50°C, 20-100°C, 20-
125°C and 20-150°C are given in Table 1. For this purpose, 

during the hot briquette placed on sensitive elements cooling 
down from 150°C the data on their displacements by a 
number of fringes collected on sensitive elements 
interferograms were recorded through each 25°C. After full 
cooling of the briquette these fringes were united for LTEC 
calculation in the given temperature intervals according to 
formula (3). 

Measurements of LTEC on a test sample of D16 alloy 
were as follows: for the temperature interval 20 ÷ 50 °C ̶ 
22,4 ppm/°C, for intervals of 20 ÷ 100 °C and 20 ÷ 125 °C ̶ 
22,7 ppm/°C, for the interval 20 ÷ 150 °C ̶ 22,9 ppm/°C that 
is close to the known LTEC values, that are: 22,7 ppm/°C in 
the range of temperatures 20 - 100 °C and 23,4 ppm/°C in 
the range of 20 - 200 °C [9]. The scatter of the measured 
LTEC values by three measurements in the modes of sample 
cooling from 150 °C to room temperature did not exceed ± 
0,2 ppm/°C.  

Considering Table 1 we can conclude the following 
remarks: stable measurement results on different batches of 
materials show that the suggested technique and equipment 
confidently measures LTEC in the range of temperatures 20-
150 ºС. The results well correlate with the measurements 
performed on a standard dilatometer (Table 2). 

The suggested technique enables determining the LTEC 
values with sufficient degree of reliability depending on 
chemical composition, production technology of the 
material and direction of samples cutting. 

The briquettes from aluminum-matrix composite 
materials presented for the tests have average LTEC twice 
smaller, than the aluminum D16 alloy.  

We find that the smallest values of LTEC were shown by 
composites with higher content of silicon and disperse 
nanocarbon RGO additive. Composites with disperse 
microcarbon additive of graphite had the most stable LTEC 
within the considered temperature range. The general 
tendency of other materials is smooth increase of LTEC 
values at increase in the upper bound of temperature range. 
The strong LTEC anisotropy is for the metal-composite 
obtained by melt infiltration. For lengthwise direction its 
LTEC was close to the same for D16 alloy.  

For measurements error assessment we can note that for 
both heating and cooling of briquettes no noticeable 
differences in indications of thermal sensors placed in the 
middle of side surface and in the center of the end face of 
the cylinder were recorded that leads to a conclusion on 
almost uniform temperature field of the sample cooling 
down freely. Then we can neglect the influence of 
temperature field heterogeneity in a briquette on LTEC 
measurement error. The scatter of the measured LTEC 
values, characteristic for D16 test sample, was also observed 
at LTEC measurements on briquettes from aluminum-matrix 
composite materials. 

The following was distinguished from the essential errors 
influencing the result of LTEC measurement: an error of 
displacements definition for the ends of sensitive elements 
by the number of interference fringes registered in the 
predetermined temperature range, an error of temperature 
measurement in the temperature range and an error 
measuring the initial distance between slits on a sample used 
by equation (3). Magnitudes of the maximum errors on these 
parameters are as follows: for displacements of the ends of 
sensitive elements ±½ fringe, for temperature ± 0,5 °C, for 
the distance between slits measured by caliper, ± 0,2 mm. 
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Each of the listed errors makes the contribution to a total 
error of measured LTEC value. So, with an average LTEC 
for the considered composites of Al-Si-Ni system equal to 
12 ppm/ºC, defined on an interval of 25°C at average 
distance between slits in 17 mm, an error in definition of 
displacements as a half-fringe this leads to an error in LTEC 
equal to ±0,3 ppm/ºC, an error in determination of 
temperature of ±0,5 °C - to an error in LTEC, equal to ±0,2 
ppm/ºC, and an error in the measured distance between slits 
±0,2 mm - to an error in LTEC, equal to ±0,2 ppm/ºC. From 
this follows that the total error in LTEC measurements 
LTEC can reach ±0,7 ppm/ºC.  

Note that though the method is approved on objects of 
relative small sizes, it can be used for sample-free LTEC 
measurement on objects of considerably big sizes. 

Thus, the suggested method provides sample-free LTEC 
measurement of objects in any direction and on any base at 
rather any form and the sizes of an object with a sufficient 
accuracy.  
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TABLE I 
The linear thermal expansion coefficient of aluminum-matrix composites measured using 

speckle-interferometry method 

Composite Surface active disperse additive, 
amount 

Production 
technology 

LTEC, ppm/ºC, direction 

Range Lengthwise Radial Chord 

1. Al-42,5Si-3Ni, 
batch 1 

Electrode 
graphite, 2% 

Powder 
metallurgy, 

attritor 

20-50°C 11,7 11,3 11,1 
20-100°C 11,7 11,3 11,2 
20-125 °C 11,7 11,3 11,3 
20-150°C 11,9 11,3 11,3 

2. Al-42,5Si-3Ni, 
batch 2 

Electrode 
graphite, 2% 

Powder 
metallurgy, 
vibromill 

20-50°C 12,9 - 12,1 
20-100°C 12,9 - 12,1 
20-125 °C 12,9 - 12,9 
20-150°C 12,9 - 13,0 

3. Al-45Si-3Ni, 
batch 1 

Electrode 
graphite 1,1% 

Powder 
metallurgy, 

attritor 

20-50°C 9,7 10,5 12,2 
20-100°C 10,5 11,2 12,6 
20-125 °C 10,6 11,5 13,6 
20-150°C 10,9 11,8 13,9 

4. Al-45Si-3Ni, 
batch 2 

Electrode 
graphite 1,1% 

Powder 
metallurgy, 

attritor 

20-50°C 11,7 - 11,7 
20-100°C 11,3 - 11,6 
20-125 °C 11,3 - 11,7 
20-150°C 11,7 - 11,7 

5. Al-42,5Si-3Ni 
Activated 

colloidal graphite 
0,5% 

Powder 
metallurgy, 
vibromill 

20-50°C 13,5 - - 
20-100°C 13,5 - - 
20-125 °C 13,5 - - 
20-150°C 13,5 - - 

6. Al-42,5Si-3Ni 
Activated 

colloidal graphite 
, 1% 

Powder 
metallurgy, 
vibromill 

20-50°C 12,3 - 12,1 
20-100°C 12,4 - 12,2 
20-125 °C 12,6 - 12,3 
20-150°C 12,7 - 12,5 

7. Al-42,5Si-3Ni Thermally expanded 
graphite, 0,5% 

Powder 
metallurgy, 
vibromill 

20-50°C 11,6 - - 
20-100°C 11,8 - - 
20-125 °C 11,8 - - 
20-150°C 12,0 - - 

8. Al-42,5Si-3Ni Thermally expanded 
graphite, 1% 

Powder 
metallurgy, 
vibromill 

20-50°C 12,8 - - 
20-100°C 13,0 - - 
20-125 °C 13,1 - - 
20-150°C 13,2 - - 

9. Al-42,5Si-3Ni 
batch 1 RGO, 0,5% 

Powder 
metallurgy, 
vibromill 

20-50°C 12,4 - 12,2 
20-100°C 12,4 - 12,2 
20-125 °C 12,5 - 12,9 
20-150°C 12,5 - 12,9 

10. Al-42,5Si-
3Ni, 

batch 2 
RGO, 0,5% 

Powder 
metallurgy, 
vibromill 

20-50°C 12,4 - 12,3 
20-100°C 12,4 - 12,4 
20-125 °C 12,5 - 12,4 
20-150°C 12,7 - 12,6 

11. Al-45Si-3Ni, 
batch 3 RGO, 05% 

Powder 
metallurgy, 

attritor 

20-50°C 12,0 11,4 12,0 
20-100°C 12,1 11,5 12,2 
20-125 °C 12,2 11,5 12,2 
20-150°C 12,6 12,3 12,5 

12. Al-42,5Si-
3Ni, 

batch 1 
RGO,  1% 

Powder 
metallurgy, 
vibromill 

20-50°C 11,8 11,0 11.3 
20-100°C 12,6 11,1 11.3 
20-125 °C 12,9 11,4 11.3 
20-150°C 13,0 11,7 11.9 

13. Al-42,5Si-
3Ni, 

batch 2 
RGO, 1% 

Powder 
metallurgy, 
vibromill 

20-50°C 11,6 11.2 11,4 
20-100°C 11,6 11.2 11,4 
20-125 °C 11,7 11.2 11,6 
20-150°C 11,7 11.3 11,8 

14. Al-42,5Si-
3Ni, 

batch 3 
RGO, 1% 

Powder 
metallurgy, 
planetary 

mill 

20-50°C 14,4  13,2 
20-100°C 14,6  13,2 
20-125 °C 14,7  13,3 
20-150°C 14,9  13,9 

15. Al-42,5Si-
3Ni 

Activated 
RGO, 0,5% 

Powder 
metallurgy, 
vibromill 

20-50°C 12,2 - 12,5 
20-100°C 12,3 - 12,6 
20-125 °C 12,3 - 12,7 
20-150°C 12,3 - 12,7 

16. Al-42,5Si-
3Ni 

Activated 
RGO, 1% 

Powder 
metallurgy, 
vibromill 

20-50°C 13,1 - 13,3 
20-100°C 13,2 - 13,4 
20-125 °C 13,2 - 13,6 
20-150°C 13,2 - 13,8 

17. Al-42,5Si-
3Ni FLG, 1% 

Powder 
metallurgy, 
planetary 

mill 

20-50°C 14,4 - 14,1 
20-100°C 14,5 - 14,2 
20-125 °C 14,6 - 14,4 
20-150°C 14,6 - 14,8 
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18. 5083 Graphite (fiber) Melt infiltration 

20-50°C 19,6 17,3 11,9 
20-100°C 19,7 17,6 12,3 
20-125 °C 19,9 17,7 12,6 
20-150°C 20,6 18,0 13,4 

 
 

TABLE II 
Comparing LTEC using the speckle-interferometry and standard method 

Object LTEC, ppm/deg Variation  

№  

Refer Table 1 
Composite  

speckle-interferometry 
method, 
ᾶ20-150 

standard method 
ᾶ30-150 

ppm/deg % 

1 Al-42,5Si-3Ni, 
batch 1 11,9 11,99-12,29 0,24 1,98 

2 Al-42,5Si-3Ni, 
batch 2 12,9 11,90-12,02 -0,94 -7,28 

3 Al-45Si-3Ni, 
batch 1 10,9 11,31-11,43 0,45 3,96 

4 Al-45Si-3Ni, 
batch 2 11,3 11,39-11,47 0,13 1,15 

13 Al-42,5Si-3Ni, 
batch 2 11,7 11,21-11,34 -0,42 -3,72 
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