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This paper presents experimental results of the fracture toughness tests carried out on
metal matrix composites. The material was produced using the 44200 aluminium alloy reinforced by Al2 O3 in the form of Saﬃl ﬁbres. Three diﬀerent contents of Al2 O3 were taken into
account, i.e. 10%, 15%, 20%. The main aim of the research was to examine an inﬂuence of the
aluminium oxide content on a critical value of the stress intensity factor, KIC . All tests were
performed using a miniature compact specimen, which was four times smaller than the typical
one. The results of FEA analysis conﬁrmed a typical distribution of the eﬀective stress at the
tip of the notch. In each test the composite specimen was mounted in the loading system of
the testing machine by applying special grips. Crack tip opening displacement of the specimen
notch was measured by means of the clip on knife edge extensometer having 10 mm gauge
length. The results in form of tensile force versus crack tip opening displacement show the ﬁrst
mode of fracture. An inspection of the pre-cracked zone of the composite did not exhibit the
typical features usually observed on specimen surface after fatigue. An inﬂuence of the Al2 O3
Saﬃl ﬁbres content within the range from 10% to 20% on a critical value of the stress intensity
factor was negligible small. The KIC of the composites tested in this research achieved the level
of 12 MPa m1/2 .
Key words: metal matrix composite, fracture toughness test, compact specimen, fatigue
zone, stress intensity factor.

1. Introduction
Classiﬁcation of modern materials for engineering applications requires knowledge about their mechanical parameters. Among many of such parameters one
can distinguish: Young’s modulus, proportional limit, yield point, ultimate tensile strength, and stress intensity factor (SIF or KI ). It is known that SIF de-
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scribes material resistance to brittle cracking. The stress intensity factor is investigated using specimens having a notch containing the fatigue crack at its
tip and by applying the following stages of the experimental procedure: (a) precracking of fatigue zone, and (b) testing under monotonic tension [1]. Several
types of specimen are used, i.e.: compact tension (CT) [2, 3]; disk-shaped [3];
single edge [3]; single or middle notched [2, 4]. In many experimental cases, the
dimension of the specimen is limited by a material volume. Therefore, diﬀerent
sizes of specimen can be applied, i.e. standard [3], miniature (Fig. 1) [4, 5], or
mini (Fig. 2) [6].

Fig. 1. Miniature compact specimen [5].

Fig. 2. Mini-compact specimen [6].

The objective of this paper is to determine a critical value of the stress
intensity factor of a metal matrix composite (MMC) reinforced by the Saﬃl
ceramic ﬁbres.
As reported in [7, 8] the ultimate tensile strength and the Young’s modulus
of this type of reinforcement are equal to 1800 MPa and 300 GPa, respectively.
The ﬁbres can be applied in many engineering applications operated even at
the temperature of up to 1 750◦ C [9]. The results of experiments also show
that the content of the ﬁbres inﬂuences material hardening. In the case of 2014
aluminium alloy, this eﬀect, at both room and elevated temperature of 360◦ C,
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was signiﬁcantly higher than in the case of an unreinforced material [10]. Young’s
modulus achieved 22% increase at the ﬁbre content equal to 10%, but for greater
ﬁbre volume fraction a gradual lowering of this parameter occurred. Finally, this
parameter achieved 13% reduction compared to the base material without the
reinforcement. Here, 10% of Al2 O3 content caused 86% and 77% increase of
the yield point and ultimate tensile strength determined at the temperature of
270◦ C, respectively.
2. Experimental results
The 44200 aluminium alloy [11] (AK11 according to Polish Standards PN76/H-88027) reinforced by a diﬀerent content of Al2 O3 Saﬃl ceramic ﬁbres, i.e.
10%, 15%, and 20%, were selected for investigation. All tests were performed
using compact tension specimens (CT). With respect to a limited volume of
the composite, the applied specimen was four times smaller than the typical
one, and therefore, the experimental procedure contained two stages. The ﬁrst
step focused on examination of the specimen size by means of ﬁnite element
analysis (FEA) and tests on the 40H steel, while the second stage concentrated
on determining a critical value of the stress intensity factor of the composite.
2.1. Specimen and validation process
The compact tension specimen (Fig. 3), was designed on the basis of the
ASTM [3] and PN-EN [12] guidelines. The specimen thickness was equal to the
minimum recommended value, i.e. 6.5 mm, enabling examination of the material
under plane strain state.

Fig. 3. Dimensions of the compact tension specimen (CT).
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Further, the specimen geometry (Fig. 4a) was validated using FEA. The
loading and boundary conditions were similar to those applied in the servohydraulic testing machine, as shown in Fig. 4b, c. The specimen was modelled
as the fully elastic material and using 3D solid that was divided into 374088
3D elements stretched on 528467 nodes, Fig. 4c. Selected results, i.e. standardized values of the Huber-Mises-Hencky’s eﬀective stress at the tip of notch,
are given in Fig. 5. The results indicate a typical distribution of the eﬀective
stress.
a)

b)

c)

Fig. 4. Compact tension specimen: a) shape in 3D coordinates system, b) the real attachment,
c) 3D mesh elements, simulated loading and boundary conditions by pressure and restraint.

a)

b)

Fig. 5. Variation of the eﬀective standardized stress at the tip of the notch, calculated using
the Huber-Mises-Hencky’s criterion, i.e.: a) 3D view, b) 2D view in front of the notch.

A validation of the specimen geometry on the basis of fracture toughness tests
on the 40H steel was the ﬁrst step of the procedure. For this type of material, a
fatigue zone was successfully pre-cracked, Fig. 6a. Crack features of length equal
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to 2.08 mm (Fig. 6b) and fatigue bands (Fig. 7) were determined at diﬀerent
magniﬁcation using the Scanning Electron Microscope (SEM). A critical value
of the stress intensity factor of the 40H steel achieved the level of 38.8 MPa m1/2
(close to the literature value equal to 40 MPa m1/2 ).
a)

b)

Fig. 6. Fracture surface of the 40H steel after fracture toughness testing: a) fatigue
zone in macro scale, b) fatigue zone in micro scale (magniﬁcation 25×).

a)

b)

Fig. 7. Microscope image of a fatigue fracture surface of the 40H steel after fracture toughness
testing: a) magniﬁcation 1000×, b) magniﬁcation 3000×.

2.2. Investigation of fracture toughness for the composites
In comparison to the typical engineering materials the composites were very
diﬃcult in machining. Therefore, preparation of the specimens (Figs. 3, 8a) at
the recommended accuracy class required usage of more stages of the technological process than in the case of typical materials.
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b)

c)

Fig. 8. Manufactured specimen: a) before testing, b) mounted in the loading system of the
testing machine: 1 – specimen, 2 – extensometer, 3 – grips, c) knife-edge bearing (according to
ASTM Standards [3]).

All fracture toughness tests were conducted using the 8802 Instron servohydraulic testing machine at room temperature. The specimens were mounted in
the loading system by application of the special grips, Fig. 8b. Crack tip opening
displacement was measured by means of the clip on knife edge extensometer of
10 mm gauge length; Figs. 8b, c.
In the case of all composite specimens the fatigue zone was successfully precracked, and then, the materials were tested under monotonically increasing
tensile force using the commercial programme for KIC determination.
The crack propagated in the perpendicular direction to the opposite side of
the specimen independently of the content of Al2 O3 Saﬃl ﬁbres (Figs. 9, 10, 12).
Each specimen was observed at a diﬀerent magniﬁcation to distinguish features
of the fracture surface (Fig. 12b, 13). A macro-scale observation indicated several
sections on this surface, i.e. (1) fatigue, (2) fracture, (3) sloping fracture, and
(4) tearing; Figs. 12b, c. This expresses a disturbance of the plane strain state
and exhibits composite fracture as that under mixed stress/strain conditions
obtained.

The ﬁrst stage

The last stage

Fig. 9. Rupture stages of the specimen made of the 44200+10% Al2 O3 Saﬃl ﬁbre composite.

FRACTURE TOUGHNESS INVESTIGATIONS. . .

The ﬁrst stage

225

The last stage

Fig. 10. Rupture stages of the specimen made of the 44200+20% Al2 O3 Saﬃl ﬁbre composite.

a)

b)

Fig. 11. Specimen made of the 44200+10% Saﬃl ﬁbres composite after tests for KIC :
a) specimen, b) entire fracture surface.

a)

b)

c)

Fig. 12. Specimen made of the 44200+20% Saﬃl ﬁbre composite after tests for KIC : a) specimen, b) entire fracture surface, c) fracture surface scheme: 1 – fatigue area, 2 – fracture zone.
3 – sloping fracture surfaces, and 4 – tearing zone.
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A microscopic analysis of the fatigue fracture surface was performed at magniﬁcation equal to 18 (Fig. 13a), 100 (Fig. 13b), 1000 (Fig. 14a), and 2500
(Fig. 14b). The results did not exhibit any of the typical features observed on
the specimen surface after fatigue testing. Moreover, a local delamination of
the structure was observed in the case of composite with 20% Al2 O3 Saﬃl ﬁbre
content (Figs. 14a, b). It occurred in the form of voids between the matrix and
ﬁbres Fig. 14b.
a)

b)

Fig. 13. Microscopic images of fatigue fracture surface of the 44200+20% Saﬃl ﬁbre composite: a) magniﬁcation 18×, b) magniﬁcation 100×.

a)

b)

Fig. 14. Microscopic images of fatigue fracture surface of the 44200+20% Saﬃl ﬁbre composite: a) magniﬁcation 1000×, b) magniﬁcation 2500×.

Variation of the tensile force versus crack tip opening displacement identiﬁes the ﬁrst mode of fracture, Fig. 15. An initial section of that characteristic
was approximated using linear functions, Fig. 15b. This shows an inﬂuence of
the Al2 O3 Saﬃl ﬁbres content on a variation of the proportionality coeﬃcient.
This parameter was increasing linearly with an increase of the ﬁbres content.
In the case of composite containing 10%, 15%, and 20% of the Al2 O3 Saﬃl
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ﬁbres, it achieved the level of 10233.44, 10897.65, and 13120.61 respectively;
Figs. 15b, 16.
a)

b)

Fig. 15. Tensile force versus COD (a), linear section of diagrams presented in Fig. 15a.

Fig. 16. Variations of the proportionality coeﬃcient of function shown in Fig. 15b.

The relationship between the tensile force and crack tip opening displacement
was analysed with respect to variation of the fracture energy. It was calculated
as the area below the curves presented in Fig. 15. As shown in Fig. 17, this

Fig. 17. Fracture energy against the Al2 O3 Saﬃl ﬁbres content.
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parameter does not conﬁrm any particular tendency, although variations of the
proportionality coeﬃcient were increasing linearly.
The critical values of the stress intensity factor of the 44200 aluminium alloy
reinforced by various content of the Saﬃl ﬁbres, i.e. 10% ,15%, 20%, reached the
following levels: 12.201, 12.121, and 11.866 [MPam1/2 ], respectively. It is easy to
conclude, that these values are three times smaller than those determined for the
40H steel. It seems that the fracture toughness of the composites tested is not
high enough to be use especially for the very responsible elements of engineering
constructions.
3. Summary
The paper presents experimental data from the fracture toughness tests conducted on the 44200 casting aluminium alloy reinforced by the Al2 O3 Saﬃl ceramic ﬁbre. Analyses of the results make it possible to formulate the following
remarks:
a) four times smaller specimen than the typical one can successfully be applied to determine a critical value of the stress intensity factor;
b) pre-cracked zone in the composite did not has typical features usually
observed on the specimen surface after fatigue;
c) inﬂuence of the Al2 O3 Saﬃl ﬁbres content within the range from 10% to
20%, on the critical stress intensity factor was negligible small;
d) critical value of the stress intensity factor of the composite was three times
smaller than that for the 40H steel achieved.
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