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ABSTRACT

Final Report: Nanocrystalline MAX/Mg Composites with Exceptional Properties

Report Title

Understanding the microstructure and mechanical properties of Mg-MAX composites 


Composites were fabricated by pressureless melt infiltration of Mg and Mg alloys into TiC and Ti2AlC porous preforms. Ti2AlC is a 
layered machinable ternary carbide (MAX), which is relatively light and stiff. Pure Mg and three Al-containing Mg alloys, AZ31, AZ61 and 
AZ91 were used as matrices. When the matrix Al content was ? 6 wt.%, the best mechanical properties were achieved for all the composites 
fabricated. We also studied the effect of reinforcement particle size. For fine-grained reinforcements - 50 vol.% TiC-AZ61 - the elastic 
modulus was 175±5 GPa, Vickers hardness was 3.4±0.3 GPa, and the ultimate compressive strengths was 1028±5 MPa. The enhancements 
in elastic and mechanical properties are attributed to finer grained Mg-matrices, the presence of Al in the matrices which enhances the 
wetting TiC and Ti2AlC by Mg to create strong interfaces and finer reinforcement particle sizes, that lead to a better mechanical 
interlocking. In addition, due to Ti2AlC inherent mechanical energy dissipation, damping properties of Mg-Ti2AlC composites were 
measured to be higher than their TiC reinforcement counterparts. Quite recently we discovered a new micromechanism in the deformation of 
layered solids; bulk ripplocations, whose existence will upend much of our understanding of the deformation of layered solids.
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Title: Nanocrystalline MAX/Mg Composites with Exceptional Properties 
 

Statement of the Problem Studied 
The original aim of this work was to fabricate and test Mg-MAX composites and characterize 

and understand their mechanical and extraordinary damping properties. More recently, we 
sought to do the same for Al-MAX composites. Another longstanding goal was to understand the 
origins of damping observed in the MAX and other layered solids and in hexagonal metals. As 
discussed below, both aims have been for the most part accomplished.  
 
Summary of Our Most Notable Accomplishments  

 During the course of this proposal 16 refereed papers were published and several others 
are planned. The papers published were on various aspects of Mg-MAX composites and our 
continued efforts to understand the kinking non-linear elasticity, which is at the origin of the 
damping properties measured in the composites we made. This continued and persistent 
approach led us to – as discussed below – a major discovery concerning a new micromechanism 
in the deformation of layered solids: bulk ripplocations.  

A summary of our major accomplishments - with more emphasis on our new findings - are: 

a) We fabricated and characterized Mg/MAX composites by pressureless melt infiltration of 
Mg and Mg alloys into porous preforms of TiC and Ti2AlC, a member of the MAX phases. 
In this study, pure Mg and three commercially available, aluminum-containing Mg alloys, 
AZ31, AZ61 and AZ91 were used as matrices. When the matrix Al content is ≥ 6 wt.%, the 
best mechanical properties were achieved for all the composites fabricated herein. We also 
studied the effect of reinforcement particle size by using two different particle sizes. In the 
case of fine particle- 50 vol.% TiC-AZ61, the elastic modulus was 175±5 GPa, Vickers 
hardness was 3.4±0.3 GPa, and the ultimate compressive strengths was 1028±5 MPa. The 
enhancements in elastic and mechanical properties were attributed to finer grained Mg-
matrices, the presence of Al in the matrices which enhances the wetting TiC and Ti2AlC by 
Mg to create a strong interface and finer reinforcement particle sizes, which the latter two 
lead to a better mechanical interlocking. In addition, due to the inherent mechanical energy 
dissipation of Ti2AlC, the damping properties of the Mg-Ti2AlC composites measured were 
higher than their TiC reinforcement counterparts.1,2  

b) We also fabricated and characterized Ti3SiC2 and Cr2AlC MAX phase reinforced Mg and 
Mg-alloy metal matrix composites fabricated by pressureless melt infiltration. Pure Mg and 
Al-containing Mg-alloys (AZ31, AZ61 & AZ91), with varying Al content, were used a 
matrices, with loadings of ~ 45±1 vol. %. SEM revealed kinked, delaminated, and elongated 
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Ti3SiC2 grain, and non-deformed, rounded Cr2AlC grain morphologies. Like in the 
Ti2AlC/Mg composite system, increasing the Al wt. % content in the matrix enhanced the 
mechanical properties of the Ti3SiC2 composite system, but, somewhat surprisingly, had no 
effect on the properties of the Cr2AlC composite system. At 1.9±0.1 GPa, 346±4 MPa and 
617±10 MPa, the Vickers hardness, yield strength and ultimate compressive strengths, 
respectively, of the Ti3SiC2/AZ91 composite were the highest obtained. All composites 
fabricated exhibited fully and spontaneously reversible hysteresis loops. The mechanical 
properties were found to be sensitive to the reinforcement volume fraction. This work will be 
submitted for publication soon. 

c) Given our success with reinforcing Mg-alloys with the MAX phases, the next question posed 
was can these results be reproduced with Al-matrices. To answer that question we tried to 
fabricate Al-MAX composites by pressureless MI. What we discovered was that pressureless 
MI cannot be used to fabricate Al matrix composites with Ti2AlC, even when B4C is 
incorporated in the melt to increase the infiltration kinetics. The main hurdle is that Ti2AlC is 
not in equilibrium with Al at the processing temperatures required for infiltration and thus 
completely reacts with Al regardless of infiltration conditions. This work, led instead to a 
determination of the Ti-Al-B-C quaternary in the Al-rich corner. This was accomplished by 
fabricating two composites starting with Al, Ti2AlC, and B4C. The Ti2AlC/B4C powders 
were mixed in both 50/50 and 75/25 vol. % ratios and cold pressed into 53 % dense 
preforms. The preforms were pressureless MI in the 900 to 1050 °C temperature range with 
Al. Ten hour equilibration experiments were also conducted at 1000 °C. X-ray diffraction 
and scanning electron microscopy confirmed that neither Ti2AlC nor B4C was an equilibrium 
phase. A number of reaction phases – AlB2, Al3BC, TiB2, TiC, TiAl3 and Al4C3 – could be 
found in the non-equilibrated samples. However, the equilibrium phases were found to be Al, 
TiB2, Al3BC, and Al4C3 for the more B-rich composite and Al, TiB2, TiC, and Al4C3 for the 
Ti-rich composite. From these results, the 1000 °C quaternary phase diagram adjacent to the 
Al-TiB2-Al4C3 triangle and in the Al-rich corner was developed for the first time. This work 
is a requisite first step for the development and use of advanced composites in the Al-Ti-B-C 
system.3 

d) In sharp contradistinction to Ti2AlC and most MAX phases, V2AlC is in equilibrium with 
molten Al, which prompted us to try and fabricate Al-V2AlC composites. We were 
successful, but in the process of making these composites we realized that Al and V2AlC 
were in equilibrium only at temperatures > 940 °C. Below that temperature the following 
reaction occurs: 3V2AlC + 19 Al ⇒ Al4C3 + 6Al3V. We used this information to determine 
the Al-rich corner of the V-Al-C phase diagram at 800 °C, for the first time. We also used 
that information to calculate the enthalpy of formation of V2AlC and then used heat capacity 
results to derive the thermodynamic parameters of V2AlC over the 300 to 1400 K 
temperature range, for the first time. Based on our work, the free energy of formation of 
V2AlC was calculated to be ∆Gf (kJ/mol) = (-186 ±14) + 0.021 T. 4 

e) Returning to the composites. The nominal compositions were chosen so that in situ reaction 
would produce an Al-rich (75/25 vol. % Al/V2AlC) and a V-rich (50/50 vol. % Al/V2AlC) 
composites. To make these elementals powders were cold pressed to 200 MPa, heated to 
1000 °C and reacted for 0.5, 2.5 or 10 h under flowing Ar. Water quenched samples 
produced two-phase Al-V2AlC composites, but furnace cooled samples did not. Fully dense 
composites have not been realized yet and we thus do not have any mechanical properties. 



However, the totality of these studies are needed if Al-V2AlC and other advanced composites 
in the Al-V-C system are to be fabricated and tested. 5 

f) By far our most important discovery lately has been the identification of a fundamentally 
new deformation micromechanism in layered solids.6 Layered materials are ubiquitous; they 
are present in geological formations, nuclear reactors, microcircuits, sensors, biomaterials 
and polymers - both natural and synthetic – and myriad others. They also are important 
players in the nanomaterials revolution. Consequently, their deformation has been studied 
extensively for decades, especially in geology, where many silicates are layered. It has also 
long been appreciated that kinking is a favored deformation mode in layered solids, such as 
mica, graphite, ice, the MAX phases (see below) among many others. For example, kink 
bands, KBs, have been observed in micas/biotites, at many scales, from the microscopic to 
the macroscopic.  

Recently, a new defect termed a ripplocation (A. Kushima et al. Nano Letters 15, 2015) – 
best described as an atomic scale ripple – was proposed to explain deformation in two-
dimensional solids. In our work, we leveraged atomistic simulations of graphite to extend the 
ripplocation idea to bulk layered solids, and confirm that it is essentially a buckling 
phenomenon. In contrast to dislocations, bulk ripplocations have no Burgers vectors or 
polarities. In graphite, ripplocations are attracted to vacancies and other ripplocations, both 
within the same, and on adjacent layers, the latter resulting in kink boundaries. Furthermore, 
we obtained TEM evidence for bulk ripplocations in Ti3SiC2. The nucleation of delamination 
cracks, when atomic layers are loaded edge-on with, say, a spherical indenter, is an 
unambiguous signature of bulk ripplocations. 6 

We also directly imaged BRs in the TEM and conclusively showed that a c-strain 
component is associated with these defect. The latter is not possible if the defect was a basal 
dislocation. Furthermore, no g•b condition could be found that rendered these defects 
invisible again strongly suggesting they are not basal dislocations. 6 

Ripplocations are not only a fundamentally new deformation micromechanism, but are a 
topological imperative, since it is the only way atomic layers can glide relative to each other 
without breaking the all important in-plane bonds. The ramifications of their existence are 
profound, and will upend our current understanding of how graphite, layered silicates, the 
MAX phases, among many other plastically anisotropic solids deform. This work was 
published in Scientific Reports in 2016.6 

There is little doubt at this time that the energy dissipated when the MAX phases are 
cyclically loaded is due to the nucleation and to and fro movement of bulk ripplocations. In 
this coming year, we will publish several papers showing experimental and other evidence 
for this important conclusion. 

Interestingly enough, the origin of damping in the hexagonal metals is NOT 
ripplocations, but most probably the bowing out of dislocations in kink boundaries formed 
during the first loading cycle. This paper has been submitted for publication.   

g)  In 2015 we published a paper in Acta Mater. in which the abstract reads in part: "In this work 
careful analysis of in situ neutron diffraction patterns obtained, while cyclically loading 
highly textured polycrystalline of Ti2AlC samples, provides compelling experimental 
evidence – in the form of fully reversible peak lattice elastic strain loops and peak widening 
and narrowing upon load cycling - for the existence of fully reversible dislocation motion. A 
comparison of the measured and calculated dislocation densities clearly shows that 



dislocation pileups alone cannot account for the experimental observations. Another 
micromechanism needs to be invoked. Based on the propensity of the MAX phases to deform 
by kinking, the micromechanism proposed is either the nucleation and annihilation of low 
angle kink boundaries, LAKB, and/or the bowing out of dislocations in the latter. This 
micromechanism plays a vital role during the initial deformation of layered and other 
plastically anisotropic solids such as hexagonal close-packed metals."7 
 
Needless to add, in light of our discovery of ripplocations, these conclusions have to be 

modified and re-assessed in light of the existence of bulk ripplocations. Looking back at the 
results obtained however, we now see that neutron diffraction results were incompatible with 
basal dislocations and actually very strongly support the existence of BRs. A reappraisal of these 
results is ongoing and a paper will be submitted in the near future.  
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