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Abstract 
The shear creep of the Al–4Al4C3 composite material was investigated for 
the first time at different temperatures ranging from 523 K to 773 K, and 
different shear stress levels ranging from 25 to 40 MPa in comparison to 
pure aluminum. The specimens were loaded in pure shear using specially 
designed patented specimen geometry and a prototype shear-testing 
machine. The experimental results indicate that the Al4C3 composite 
aluminum exhibits shear creep resistance more than four orders of 
magnitude compared to that of the aluminum, and can be loaded at shear 
stress levels exceeding two times those of pure aluminum material. 
Keywords: shear creep testing, Al-Al4C3 composite, elevated 
temperature, FEM 

INTRODUCTION 
The dispersion strengthened alloys Al–Al4C3 manufactured by mechanical 

alloying using powder metallurgy technology are promising structural materials enabling 
significant cuts of weight for use first of all in the aircraft and automobile industry and also 
at elevated temperatures [1]. 

Although the properties of such alloys in simple tension have been thoroughly 
investigated at room and elevated temperatures [2-6] where they have demonstrated their 
superior mechanical properties as compared with the pure aluminum, there has been no 
work on shear and particularly shear – creep properties at elevated temperatures. The 
behaviour of this material in shear is of critical importance and as most aluminum materials 
used in the aerospace and automotive industry (in the form of thin shells or bulk materials 
such as internal combustion machines pistons) are subjected to considerable shear either as 
torsion or mixed biaxial or triaxial loading. The shear creep of several composite materials 
was analyzed in previous works [7-12].  

In the present work the alloy Al–4Al4C3 is tested in shear at elevated temperatures 
ranging from 523 K to 773 K under creep conditions, in comparison to standard pure 
aluminum specimens. All testing is conducted in a prototype shear testing machine, which 
uses patented specimen geometry [13] based on the Iosipescu shear testing array [14,15]. 
The selected specimen geometry and testing machine are able to provide pure shear 
conditions (i.e. with zero normal stress) in the central region (gauge area) of the specimen. 
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The results indicate the supremacy of this alloy (some orders of magnitude higher 
in terms of creep resistance) compared to the standard unalloyed structural aluminum. 
Higher stress levels (up to two times more) are attainable, as well. 

EXPERIMENTAL PROCEDURE  

Shear testing at elevated temperature 
The shear specimen used for the shear tests in pure aluminum and Al–4Al4C3 

MMC (Metal Matrix Composite) are illustrated in Fig.1. The geometry of the specimen and 
particularly the central (gauge) area of the specimen are composed of a smooth U-groove in 
the shear plane and a ramp waste profile in the transverse (outside of the shear plane) 
direction. 

 
Fig.1. The shear specimen. 

The testing machine used to generate the uniform shear field on the specimens is 
the shear machine illustrated in Fig.2. This machine is a single axis servo-hydraulic one that 
is capable of applying shear forces up to 15 kN at the central region of the above – 
presented shear specimen. Only the central region of the specimen is loaded in shear, and 
therefore all stress-strain measurements refer to this part of the sample. 
 

 
Fig.2. Shear machine overview and gripping system detail. 
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The shear machine is composed of two stationary inner grips, and two moving 
outer grips identical to the stationary ones, for securely clamping the specimen with the 
help of four precise pins. The grips made of the heat resistant superalloy NIMONIC 115 are 
insulated by two plates of fused alumina and connected to the machine body and the 
moving arms respectively with eight identical hexagonal socket-type bolts. In order to 
prevent damage of the sensitive electronic and hydraulic parts of the machine, the heat flow 
at the lower end of the arms (both moving and stationary) is absorbed from three bronze 
water coolers. The two outer moving arms are connected with two special double-acting 
hydraulic pistons operating under a 300 bar maximum hydraulic pressure. The forces 
developed by the two pistons on the specimen are measured using two shear web – type 
load cells, and their direction is self-aligned to the perpendicular in the deformed central 
axis of the specimen by means of a free rotating pivot at the axis end. 

Heating of the specimen up to 1273 K is realized using a furnace at the top of the 
shear machine. This oven includes the specimen and the grips, and uses a KANTHAL 
superheating element able to reach temperatures up to 1873 K. The achieved temperature 
field of the specimen (crack zone) is almost uniform (difference in temperature over the 
central zone less than 1.5 %). Since the heating elements heat the specimen from all sides, 
the furnace is large in comparison with the specimen and the loading train is thermally 
insulated by alumina thermal barriers. The temperature is kept constant (±277 K) over time 
using a control system with two thermocouples mounted on both sides of the specimen, as 
well. The atmosphere of the furnace can be either oxidizing or a vacuum. Observation of 
the specimen at a high temperature is made possible with the use of a window on the oven 
covered with special temperature resistant sapphire glass. 

Finite element analysis of the shear specimen 
In order to verify that a pure shear field is developed in the gauge area of the 

specimen, numerical analysis using FEM was carried out using tetrahedral isoparametric 
finite elements in the elastic domain. The loading of the shear specimen was modeled as a 
uniformly distributed load on the load bearing inner surface of the outer pinholes, and the 
inner pins were modeled as supports allowing free rotation but no linear motion.  

The specimen loading conditions are illustrated in Fig.3. It is evident that under 
the externally applied pair of forces  from the outer grips, the pair of reactions  are 
developed at the inner grips and the shear force at the center of the specimen is . 
Due to the specially designed U-grooves and the smooth recess at the central portion of the 
specimen, the developed stress field there is uniform with the negligible tensile or 
compressive stress component (pure shear). 

1F 2F

12 FF −

The average (mean) shear stress  developed at the gauge area of the specimen is 
calculated from the following equation: 

mτ

A
FF

m
12 −=τ        (1) 

where A  is the cross section of the specimen gage area. For a shear specimen of standard 

geometry  and 230mmA = 112 83.2
24
68 FFF ×=×= . 

The shear field is characterized by zero shear stress at the U-groove boundaries 
and constant maximum shear stress at the central area of the specimen, whereas the normal 
stresses are equal to zero at the center, as illustrated in Figs.4 and 5. 
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Fig.3. Loading conditions of the shear specimen. 

  
Fig.4. Shear stress field superimposed on 

principal stress vector field. 
Fig.5. Normal stress field superimposed on 

principal stress vector field. 

Shear deformation measuring techniques at high temperatures 
In order to facilitate image processing at high temperatures where the surface of 

the specimen is oxidized, distinctive marks on the gauge area of the specimen must be 
created. These marks should not affect the mechanical properties of the material or induce 
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stress concentrations, and at the same time they must be clearly visible at high temperature 
(i.e. create high contrast with the base material) and be unaffected by the oxidizing 
environment. The blurring of the image due to convection was eliminating by taking the 
images at a reduced pressure (vacuum) in the order of a few millibars, using two piston air 
pumps and a vacuum chamber. 

The first technique employed on the aluminum based materials was to print a grid 
of squares or rectangles directly on the surface of the specimen using a sputtering of gold 
directly onto the surface of the specimen. The specimen was masked with a grid of 50 μm x 
50 μm squares with 10 μm spacing and the image acquired from the microscope is 
processed in false – colour (Fig.6) for measuring deformation. 
 

 

Fig.6. Gold sputtered grid for measuring 
deformation. 

Fig.7. Deformation measurement with 
engraved holes on the specimen. 

Disadvantages of this method include the difficulty in obtaining sharp grid 
boundaries due to the fact that the sputtering technique allows for atoms to penetrate the 
mask and makes irregular deposits along the grid boundaries, therefore creating diffuse 
images and introducing considerable errors in the optical measurements. It should also be 
noticed that the large plastic deformations attributed to the superplastic behaviour of the 
examined materials at elevated temperatures led to heavily distorted images, where no post 
processing could be made. 

The second, and more successful, technique employed so far was to engrave a grid 
of conical holes about ∅ 50 μm x 50 μm deep directly onto the specimen using a suitable 
carbide indentation tool. On the images acquired from the optical microscope at high 
temperature, the hole boundaries are sharp and well defined and therefore the changes in 
their relative position can be monitored and the deformation either in shear or 
tension/compression can be measured, hence the strain field is evaluated.  

Figure 7 illustrates part of this grid engraved on aluminum at 773 K under some 
shear deformation. The image processing is carried out on the Autodesk MAP 2004 GIS 
image processing software platform. On each hole a polygon is drawn by the user along its 
boundaries, and the centroid of this polygon is calculated automatically by the software. 
Distances between centroids and angles can be measured using this software with an 
accuracy of ~ 2 – 3 μm. 
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EXPERIMENTAL RESULTS AND DISCUSSION 
Six specimens from pure aluminum and, for reason, of comparison one specimen 

from the aluminium matrix - carbide alumina produced by mechanical alloying were tested 
under different shear loading and temperature. On all specimens, the aforementioned grid 
of holes was engraved and the changes of the grid pattern were recorded at successive time 
intervals using an optical long distance observation microscope. From image analysis, 
strain maps were produced and the creep rates were calculated.  

Tab.1. Test matrix 

 Material Temperature [K] Stress [MPa] Time to fracture [min] 
1 Al pure 523 25 120.3 
2 Al pure 573 25 51.0 
3 Al pure 623 25 1.2 
4 Al pure 523 20 No fracture 
5 Al pure 573 20 119.5 
6 Al pure 623 20 20.0 

573 25 No fracture 
623 25 No fracture 
673 25 No fracture 
723 25 No fracture 
773 25 No fracture 
773 30 No fracture 
823 35 No fracture 

7 Al – 4Al4C3

823 40 2.0 
 
 The test matrix and the experimental shear creep conditions of the aluminum 

specimens are presented in the table below along with the time to fracture. All specimens 
from pure unalloyed aluminum exhibited the classical three – stage creep behaviour, i.e. a 
linear stage I where the creep was advancing rapidly, a stable stage II where the creep was 
advancing at a constant rate, and a rapidly increasing final stage which led them to failure. 

In the diagrams presented in Figs.8–12, stages II and III and fitted linear 
regressions are presented for all pure Al specimens except for specimen No. 4 (see Table 1) 
which did not fail. 

 

Fig.8. Pure Al specimen crept at 523 K and 
25 MPa. 

Fig.9. Pure Al specimen crept at 573 K and 
25 MPa. 
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Fig.10. Pure Al specimen crept at 623 K and 
25 MPa. 

Fig.11. Pure Al specimen crept at 573 K and 
20 MPa. 

 
Fig.12. Pure Al specimen crept at 623 K and 20 MPa. 

The composite Al–4Al4C3 was in the beginning tested at 25 MPa and 573 K. It 
was decided that since its shear creep properties have never been described in literature, the 
temperature and/or stress would be raised progressively depending on the observed 
behaviour of the material. After 60 min of loading at 573 K and 25 MPa with negligible 
deformation, the temperature was increased to 623 K while maintaining the same stress 
level for another 60 min. The temperature was further increased to 673 K for 45 min and 
723 K for another 45 min, and after 22 minutes of loading at 723 K and 25 MPa some 
surface cracks appeared in the gauge area (center) of the specimen where the uniform pure 
shear field is developed. These cracks had a tendency to appear and re-appear as the scale 
was removed, leading to the assumption that they were not deep cracks running inside the 
material but rather surface cracks of the oxide layer formed as the substrate was deforming 
due to creep. As the specimen did not show accelerated creep behaviour, the temperature 
was further increased to 773 K and the loading was kept at 25 MPa for another 60 min. 

Despite this increase in temperature, the creep did not advance as expected, so the 
stress level was increased according to the following scheme: 
• 30 MPa at 773 K for 20 min. No significant creep was observed. 
• 35 MPa at 773 K for 20 min. No significant creep was observed. 
• 40 MPa at 773 KC for 2 min. The specimen failed unexpectedly after 2 min without 

any significant plastic deformation. 
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The creep rates of the Al–4Al4C3 specimen were calculated and the results are 
plotted in Figs.13 and 14 with the corresponding ones for the pure aluminum in way of 
comparison. 
 

Fig.13. Shear creep rate vs temperature for 
Al and Al-4Al4C3 specimens crept at 

various stress levels. 

Fig.14. Shear creep rate vs shear stress for 
Al and Al-4Al4C3 specimens crept at 

various temperatures. 

From the composite Al - 4Al4C3 materials which have a better creep resistance 
than Al, by cutting were prepared foils to analyze the microstructure by means of TEM. 
The diameter of dispersed phase particles measured on TEM was ~ 30 nm and the grain 
size was ~ 380 nm, Fig.15. Fractographic characteristic after creep test, Fig.16, shows a 
fracture surface of shear creep (823 K, 40 MPa), there are cavities on the boundaries. Detail 
from this figure is shown in Fig.17, intercrystalline failure facets ~ 1μm. 
 

 
Fig.15. TEM micrograph of materials Al-4Al4C3. 
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Fig.16. Fracture surface and intergranular 
cavities n shear creep (823 K, 40 MPa). 

Fig.17. Detail from Fig.16, showing 
intercrystalline failure facets. 

CONCLUSIONS 
The conclusions drawn from the test results can be summarized as follows: 

1. The shear strain field was uniform in all photographs even at high shear strains 
(deformations) (Fig.2). Therefore, the assumption of pure shear was correct even at 
high strains. 

2. The effect of the temperature dependent activation energy in pure aluminum specimens 
was important, as the creep resistance (the time to failure at a given stress level) was 
considerably different among specimens No. 1, 2 and 3 loaded at 25 MPa and No. 4, 5, 
6 at 20 MPa. 

3. The Al-4Al4C3 material exhibited a remarkable creep resistance some orders of 
magnitude more than the aluminum. This material is promising for use in applications 
requiring high creep resistance at elevated temperatures, such as internal combustion 
engines pistons and blocks. 

4. The fracture of Al-4Al4C3 composites was at intercrystalline failure facets of about ~ 
1μm.  
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