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 A B S T R A C T

The deformation and damage mechanisms of aluminum/polytetrafluoroethylene (Al/PTFE) composites under 
quasi-static compression are critical for aerospace, defense and structural applications, yet their mesoscale 
behavior remains insufficiently understood. This study combines in situ synchrotron X-ray micro computed 
tomography (CT) with CT-based finite element method (FEM) simulations to dynamically resolve the interplay 
between microstructure evolution and mechanical response. Real-time 3D imaging reveals negligible contribu-
tions of initial voids to bulk deformation, while catastrophic failure is governed by shear-induced interfacial 
debonding between Al particles and progressive void coalescence. Mesoscale FEM simulations quantify stress 
localization on Al particles, demonstrating its dependence on particle alignment relative to the loading 
direction. Damage initiates exclusively when adjacent particles deviate from the loading direction, underscoring 
the pivotal role of microstructural heterogeneity. These findings provide new insights into mesoscale structure–
property relations in Al/PTFE composites, and the combined methodology of in situ CT experiments and CT 
image-based FEM simulations offers potential for advancing mechanistic studies of multiphase composites 
under complex mechanical conditions.
1. Introduction

Particle composites have received increasing attention over the 
past few decades in the aerospace [1], automotive manufacturing [2], 
energy industries [3], biomedical science [4] and other application 
fields [5–7], owing to their exceptional mechanical properties and 
diverse engineering applications. By incorporating particle reinforce-
ment into the matrix, these composites demonstrate not only enhanced 
strength, hardness, and wear resistance [8], but also improved thermal 
and electrical conductivities [9–11]. The mechanical behavior of such 
composites is strongly influenced by the morphological characteristics, 
distribution and interfacial interactions of the embedded particles [12–
15]. Consequently, studying the microscopic deformation and damage 
mechanisms of particle composites under different loading conditions is 
crucial to understanding and improving their macroscopic mechanical 
properties.
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Aluminum and its alloys have become indispensable in engineering 
applications due to their high strength-to-weight ratio [16], outstand-
ing corrosion resistance [17], and remarkable formability [18]. Recent 
innovations in aerospace structure [19], lightweight transportation 
systems [20], and additive manufacturing techniques [21] have further 
solidified their pivotal role as matrix/filler materials in multifunctional 
particle composites.

Aluminum/polytetrafluoroethylene (Al/PTFE) composites represent 
an important class of reactive materials, and have unique mechanical 
properties and functional characteristics [22–24]. In particular, these 
composites exhibit outstanding energy dissipation, dynamic responsive-
ness, and impact resistance under high strain rate loading (e.g. shock 
and blast loading), and are considered as promising candidates for ap-
plications in propellants, explosives and structural reinforcement [25–
27].

Previous studies on the mechanical behavior of Al/PTFE compos-
ites primarily employed split Hopkinson pressure bar (SHPB) [28–
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 Nomenclature
 3D Three-dimensional  
 CT Computed tomograph  
 FEM Finite element method  
 JC Johnson–Cook  
 LuAG:Ce Cerium doped lutetium aluminum crystal  
 MTS Material testing system  
 PEEK Polyetheretherketon  
 PTFE Polytetrafluoroethylene  
 ROI Region of interest  
 SDEG Stiffness degradation  
 SR Synthronton radiation  
 𝐴 Initial yield strength  
 𝐵 Hardening modulus  
 𝐷, 𝐷1, 𝐷2, 𝐷3 Damage constants  
 𝐷eq Equivalent diameter  
 𝐷N

eq Normalized Equivalent diameter  
 𝐸 Young’s modulus  
 𝐺(𝑖)

𝛼𝛽 Gyration tensor  
 𝐼E Elongation index  
 𝐼F Flatness index  
 𝑅𝑘 (𝑅1, 𝑅2, 𝑅3) Characteristic axes  
 𝑆 Sphericity  
 𝑉 (𝑖) Volume  
 c Subscript, barycenter  
 𝑓 (𝑓Al, 𝑓void) Local volume farction  
 ℎ𝑅1

, ℎ𝑅3
Probability density distribution  

 𝑖 Superscript, particle index  
 𝑗 Subscript, voxel index  
 𝑘, 𝑘′ Subscript, eigenvalues index  
 𝑛 Hardening exponent  
 𝑥, 𝑦, 𝑧 Coordinate axes  
 𝛼, 𝛽 Subscript, corresponding to 𝑥-, 𝑦-, 𝑧-axis  
 𝜆𝛼 , 𝜆𝛽 Coordinate, corresponding to 𝑥-, 𝑦-, 𝑧-axis  
 𝜈 Possion’s radiation  
 𝜙, 𝜃 Azimuthal angle and polar angle  
 𝜌 Density  
 𝜎 Engineering stress  
 𝜎f Plastic flow stress  
 𝜎M Von Mises stress  
 𝜎∗ Stress triaxiality  
 𝜀 Engineering strain  
 𝜀eq Equivalent plastic strain  
 𝜀f rac Fracture strain  

31] and drop-weight testing [32–34]. Under such low-speed impact 
loading, Al/PTFE composites absorb energy and ignite through such 
mechanisms as shear excitation [35,36], pressure triggering [37] and 
chemical reaction induction [38]. The deformation and damage mech-
anisms under quasi-static compressive loading are also of relevance to 
certain storage/transport/service conditions, but investigations along 
this line are fairly limited.

Feng and coworkers [22,39–42] conducted a series of quasi-static 
compression experiments on Al/PTFE composites, revealing that their 
strength, toughness and reactivity, are influenced by sintering temper-
ature, equivalent ratio, and Al particle size. Notably, a critical particle 
size of <14 μm was identified for quasi-static initiation. Additionally, Ge 
et al. [43] and Smolyanskii et al. [44] characterized Al/PTFE compos-
ites via scanning electron microscopy (SEM) and computer tomography 
(CT), respectively. They found that there were a large number of initial 
voids within the composites, which greatly affected the mechanical 
properties. These studies have advanced our understanding through 
2 
quasi-static loading and ex-situ characterizations. However, there is still 
a high demand for understanding microstructure–property relations 
and underlying mechanisms at the mesoscale through in situ experi-
ments and mesoscale simulations. In particular, how the distribution 
of particles inside the material, the interfacial interaction between 
particles and matrix, and the formation and evolution of cracks affect 
the mechanical behavior of the material has not been systematically 
investigated in depth.

Recently, synchrotron-based high-resolution CT has been increas-
ingly used to characterize the three-dimensional (3D) structure of 
engineering materials including reactive material [45,46] (e.g. solid 
propellants [47,48], and plastic bonded explosives [49,50], etc.), offer-
ing a nondestructive means to analysis internal defects without com-
promising structural integrity or safety. For instance, Wang et al. [51] 
employed synchrotron monochromatic X-ray CT to resolve irradiation-
induced microstructural changes in 3,3-bis(azidomethyl) oxetane and 
tetrahydrofuran copolyether propellants at single-particle resolution. 
Wang et al. [52] quantified the spatiotemporal fracture patterns of 
recycled aggregate concrete under uniaxial compression through in situ
CT. Similarly, Liu et al. [53] characterized the compression process of 
two types of graded asphalt mixtures and established the relationship 
between the evolution of mixture damage and strength degradation. 
These studies collectively highlight synchrotron radiation CT’s capa-
bility to resolve multiscale deformation mechanisms in heterogeneous 
materials under verses conditions.

Furthermore, finite element method (FEM) simulations based on 
CT images provide significant insights into experimental data [54,
55]. Given the heterogeneous microstructures of Al/PTFE composites, 
including Al particles and initial voids, it is necessary to employ tech-
niques such as in situ CT and CT-based-FEM to capture the 3D structural 
evolution of these materials under loading. Quantitative characteriza-
tion of particle morphology and mesoscale deformation, and the effect 
of the particle arrangement on deformation and damage remain scarce 
in both experimental and simulation contexts.

In the present work, the deformation and damage behavior of the 
Al/PTFE composite under uniaxial compression is investigated through 
an integrated methodology combining in situ micro-CT and CT image-
based FEM simulations. Real-time 3D imaging reveals the dynamic 
structural evolution of Al particles and voids, with gyration tensor 
analysis quantifying morphological changes and density field variations 
during compression. Experiment results identify compressive shear-
induced interfacial debonding between Al particles as the dominant 
damage mechanism, while progressive void coalescence drives catas-
trophic failure. And the CT based mesoscale FEM simulations elucidate 
the stress concentration and their dependence on particle alignment 
heterogeneity. Damage initiates exclusively when adjacent particles de-
viate from alignment with the loading direction. These findings provide 
insights into mesoscale structure–property relations in such particle 
composites and offer potential for advancing mechanistic studies of 
multiphase composites under complex mechanical conditions.

2. Material and methodology

2.1. Material and initial characterization

The Al/PTFE composite is provided by the China Academy of Space 
Technology, and consists of the PTFE matrix and Al particles. Firstly, 70 
vol% PTFE powder (particle size ≤ 5 μm, Shanghai Aladdin Biochemical 
Technology Co., Ltd.) and 30 vol% Al powder (Purity ≥ 99.75%, 
Foshan Chengfeng Material Technology Co., LTD) are mixed uniformly 
in anhydrous ethanol, followed by vacuum drying. The dried mixture 
is then cold-pressed into a circular mold using a hydraulic press and 
sintered in a vacuum tube furnace under an argon atmosphere. The 
sintering protocol involves heating to 360 ◦C at a constant rate of 50 ◦C 
h−1, holding for 4 h, and cooling back to room temperature at the same 
rate, resulting in a circular composite disk with 𝛷100 mm × 60 mm (𝛷
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Fig. 1. CT characterization of the as-received Al/PTFE composite. (a) 3D renderings of 
Al particles and voids. (b) Equivalent diameter (𝐷eq) distribution of Al particles (blue) 
and voids (red).  (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

denotes diameter). Finally, the disk is cut using a diamond wire saw 
into a cylinder with 𝛷2 mm × 2 mm for testing.

The initial CT characterization of the Al/PTFE composite is pre-
sented in Fig.  1a, including separate volume renderings of the AP 
particles, initial voids and their corresponding size distributions. The 
Al particles are dispersed within the PTFE matrix with 27.22 vol%. 
Meanwhile, numerous initial voids are detected throughout the mate-
rial, and their spatial distribution performs a certain correlation with 
the Al particles. Moreover, no obvious cracks or interlayer defects are 
detected within the specimen, indicating that no additional defects 
were introduced during the fabrication process, thereby ensuring the 
representativeness of the experiment.

According to Fig.  1b, the equivalent diameters (𝐷eq, as defined in 
Section 2.3) of Al particles are distributed in the range of 0–100 μm, 
with its maximum at 25 μm. The 𝐷eq values of initial voids are majority 
distributed with 0–10 μm. Given the small size of Al particles, the 
formation of initial voids is likely caused by the agglomeration of 
particles commonly observed in particle composites [43,44,56].

2.2. In situ CT testing

A home-made miniature material testing system (MTS) coupled 
with a high-precision imaging system is applied for in situ micro CT 
experiments at beamline BL16U2 of Shanghai Synchrotron Radiation 
Facility (Fig.  2). The specimen is compressed downward along the 
−𝑧-axis at a strain rate of 0.001 s−1. The force–displacement signals 
are output from the piezoelectric sensor and the stepper motor, and 
subsequently converted into an engineering stress–strain curve (Fig.  3). 
More experimental details were presented elsewhere [47,57].

The imaging system consists of a metal–oxide–semiconductor
(CMOS) detector (Hamamatsu ORCA-Flash 4.0, 2048 × 2048 pixels, 
pixel size 6.5 μm) equipped with a 100 μm cerium doped lutetium 
3 
Fig. 2. Schematic setup for uniaxial compression loading with in situ synchrotron X-
ray micro-CT. Loading is along the 𝑧-axis. PEEK: polyetheretherketone. SR: synchrotron 
radiation.

aluminum crystal (LuAG:Ce) scintillator and a 4× magnification lens set 
and a seven-axis electric displacement stage. The monochromatic X-ray 
energy is set at 15.24 KeV, and the field of view is ∼3.36 × 1.31 mm2

(width × height) with a nominal pixel resolution of 1.64 μm. During a 
CT scan, the sample is rotated from 0 to 180◦, and 1080 projections are 
captured. For a single projection, the exposure time is set as 100 ms. 
Two scans are performed along the sample height direction to cover 
the whole region at each deformation stage.

2.3. CT data analysis

Firstly, the projection is reconstructed via an open-source code,
TomoPy [58], and the reconstructed images are subjected to a non-local 
mean filtering method [59] to improve the signal-to-noise ratio. The 
global thresholding and top-hat methods are then applied to extract Al 
particles, voids, and the PTFE matrix. The marker-controlled watershed 
and classical watershed methods are applied to refine the segmentation.

The gyration tensor analysis is conducted to quantify the 3D struc-
ture of each phase [60,61]. The gyration tensor can be written as

𝐺(𝑖)
𝛼𝛽 = 1

𝑉 (𝑖)

𝑉 (𝑖)
∑

𝑗=1

(

𝜆(𝑖)𝛼𝑗 − 𝜆(𝑖)𝛼c

)(

𝜆(𝑖)𝛽𝑗 − 𝜆(𝑖)𝛽c

)

. (1)

Al particle 𝑖 consists of 𝑉 (𝑖) voxels, and the coordinates of voxel 𝑗 are 
denoted as 𝜆(𝑖)𝛼𝑗  or 𝜆

(𝑖)
𝛽𝑗
, where 𝛼, 𝛽 = 1, 2, 3 correspond to the 𝑥-, 𝑦- and 

𝑧-axes, respectively. Similarly, 𝜆(𝑖)𝛼c  or 𝜆
(𝑖)
𝛽c
 is the barycenter of particle 

𝑖. The eigenvectors of 𝐺(𝑖)
𝛼𝛽 are obtained, and the corresponding eigen-

values are calculated as 𝑅𝑘 (𝑘 = 1, 2, 3). Using these eigenvectors and 
eigenvalues, the characteristic ellipsoid of particle 𝑖 is constructed [62], 
and the lengths of the semiaxes are √5𝑅𝑘. Moreover, the orientation of 
semiaxis 𝑘 is characterized with its polar angle 𝜃𝑘 and azimuthal angle 
𝜙𝑘. 𝜃𝑘 is the angle between the 𝑧-axis and the 𝑘-semiaxis, and 𝜙𝑘 is 
the angle between the orthogonal projection of the 𝑘-semiaxis onto the 
reference xy-plane and the 𝑥-axis.

The equivalent diameter (𝐷eq), sphericity (𝑆), elongation index (𝐼E) 
and flatness index (𝐼F) are utilized to characterize the 3D structure of 
an object, defined as follows:
𝐷eq = (6𝑉 ∕𝜋)−3, (2)

𝑆 = 1 − 1
2

3
∑

𝑘>𝑘′
(𝑅𝑘 − 𝑅𝑘′ )2

( 3
∑

𝑘=1
𝑅𝑘

)−2

, (3)

𝐼E = 𝑅2∕𝑅1, (4)

𝐼 = 𝑅 ∕𝑅 . (5)
F 3 2
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Fig. 3. Engineering stress–strain curve of the Al-PTFE composite under uniaxial com-
pression. The red filled circles indicate the moments for in situ CT scans, corresponding 
to strains of 0%, 9.71%. 19.68%, 30.10% and 40.00%, respectively.  (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)

A detailed description of the structural indices can be found in relevant 
Refs. [47,63,64].

3. Result and discussion

3.1. Uniaxial compression loading with in situ CT

The engineering stress–strain (𝜎–𝜀) curve of the Al/PTFE composite 
under uniaxial compression is presented in Fig.  3, where the five CT 
scans are indicated by the red solid circles. The ultimate compressive 
strength is 15.78 MPa at a failure strain of 30.10%. The vertical drops 
in stress at each scan point correspond to stress relaxation during the 
pause intervals of the compression loading for the CT scanning, as 
commonly observed in such in situ CT experiments [64,65].

The 3D configurations of the Al/PTFE composite at different strains 
are shown in Fig.  4a, where the white spots correspond to Al particles, 
and the dark gray regions denote the PTFE matrix. At 𝜀 = 0%, Al 
particles are non-uniformly distributed within the matrix. The compos-
ite deforms elastically during the initial compression stage. As strain 
increases to 𝜀 = 30.10%, visible cracks emerge on the middle-left side 
and lower-right corner of the composite. Subsequently, catastrophic 
failure occurs.

Voids/cracks are extracted and plotted in Fig.  4b with color-coding 
based on the normalized equivalent void diameter 𝐷N

eq at each strain. At 
𝜀 = 0%, initial voids are densely distributed throughout the composite. 
As strain increases to 19.68%, both the volume and number of voids 
increase considerably within the composite. At this stage, the composite 
reaches its ultimate strength. At 𝜀 = 30.10%, several distinct clusters 
of voids appear at the corners. With further damage accumulation, 
the voids coalesce and eventually propagate through the composite 
along the diagonal direction. Finally, the specimen undergoes complete 
fracture at 𝜀 = 40.00%.

Fig.  4c illustrates the evolution of Al particles within the com-
posite during compression. As the specimen is compressed, all Al 
particles move primarily along the loading direction. Furthermore, 
some particles exhibit lateral displacement perpendicular to the loading 
direction, reflecting the redistribution and interaction of particles under 
compression.

Given the high density and heterogeneous distribution of both parti-
cles and voids, it is challenging to quantitatively evaluate the structural 
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evolution of the Al/PTFE composite. To address this, localized volume 
fractions (𝑓Al or 𝑓void) are employed to characterize the evolution of 
Al particles and voids. The configurations are partitioned into equally 
sized cubic bins with dimensions of 52 × 52 × 52 μm3. For each bin, 
the respective volume fractions of particles and voids are calculated. 
The natural neighbor interpolation method [66] is then applied to 
reconstruct continuous 3D distributions of the volume fractions of 
particles and voids.

As shown in Fig.  5a, Al particle-dense regions (D1–D3) and particle-
sparse regions (S1 and S2) are interlaced within the composite at 𝜀 =
0%. At 𝜀 = 9.71%, regions D1–D3 experience shear-like displacement 
under compression. The local particle density increases both at the 
edges of D1 and D3, and progressively towards their central zones. 
These dense regions are spatially segregated by S1 and S2. Upon 
further compression to 𝜀 = 19.68%, additional densification occurs. Al 
particles in regions D1 and D3 coalesce into discrete clusters, while 
the interstitial regions and D2 exhibit fragmentation. Ultimately, the 
Al particles reorganize into several particle aggregation domains (with 
Al high volume fraction).

Fig.  5b illustrates the spatiotemporal evolution of void volume frac-
tion distributions at different strains. Prior to compression, initial voids 
exhibit a non-uniform spatial distribution across the composite, with 
slightly elevated void concentration in regions D2 and D3 relative to 
D1. During the initial compression stage (𝜀 = 9.71%), the local void vol-
ume fraction diminishes, indicating porosity reduction via void closure. 
As compression progresses, a marked increase in void volume fraction is 
observed, predominantly within region S1 and select subdomains of D1 
and D3. Ultimately, void coalescence drives crack nucleation, resultant 
void volume fraction distribution strongly correlates with the spatial 
arrangement of Al particles.

3.2. Evolution of al particles and voids

To better reveal the microstructure evolution in the Al/PTFE com-
posite during compression, three sets of particles and their associated 
voids are tracked within regions D1, D2 and S1. Fig.  6a corresponds to 
a particle set adjacent to S1 in D1, Fig.  6b refers to the particle set in S1, 
and Fig.  6c depicts a particle set located in the middle of D2. At initial 
strain (0%), sparsely distributed small voids are identified adjacent to 
particles within the S1 region, whereas D1 and D2 exhibited densely 
populated voids with comparatively larger dimensions. Additionally, 
these voids are located preferentially on the surfaces of Al particles, 
with void density positively correlated to particle packing density. This 
spatial correlation suggests that particle aggregation promotes initial 
void nucleation.

According to Fig.  6a, the preexisting voids exhibit random sur-
face distribution on Al particles. Voids located at the top of particle 
P1 undergo preferential compression due to axis-aligned loading, as 
marked by the pink dashed circle at 𝜀 = 9.71%. Simultaneously, an 
elongated void is generated on the surface of particle P2, indicated by 
the yellow dashed ellipse. At 𝜀 = 19.68%, several toroidal void clusters 
develop near the hemispherical surface of particles P3 and P4 (the black 
arrows). At this point, the composite reaches its ultimate compressive 
strength. The particle set experiences a displacement along the normal 
plane in the loading direction with a slight rotation, as a result of stress 
release facilitated by interfacial debonding. Eventually, some newly-
developed voids coalesce with the initial voids, forming larger defects 
and initiating structural damage.

At the early stage of compression, the preexisting voids largely 
remain unchanged (Fig.  6b, 𝜀 = 0% − 9.71%). Progressive deformation 
induces particle P5-P7 convergence, triggering interfacial debonding at 
P5. At 𝜀 = 30.10%, particle P8 overrides P5, while P6 ejects from the 
view via shear-induced displacement.

Deformation at the early stage (𝜀 = 0%−9.71%, Fig.  6c) is primarily 
governed by particle displacement and rotation. After the compos-
ite reaches the ultimate compressive strength, mutual extrusion be-
tween particles P10 and P11 occurs, concurrently inducing interfacial 
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Fig. 4. 3D configurations of the Al-PTFE composite at different strains. (a) The composite. (b) Voids. Color coding refers to the normalized equivalent diameter (𝐷N
eq). (c) Al 

particles. Color coding refers to different particles.  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 5. Spatial distributions of local volume fractions of Al particles and voids at different strains. (a) Al particles (𝑓Al). D1, D2, and D3 show diverse dense particle compaction 
regions at 𝜀 = 0%, while S1 and S2 show different loose particle compaction regions at 𝜀 = 0%. (b) Voids (𝑓void).
debonding at P9. Subsequently, P10 interacts with P11 and effectively 
displaces its original position. Concurrently, particle P9 exhibits pro-
gressive interfacial failure, with voids expanding and coalescing despite 
positional invariance.

The above analysis reveals that stress release in the Al/PTFE com-
posite subjected to compression is predominantly governed by inter-
facial debonding and inhomogeneous displacement and rotation of Al 
particles. Inhomogeneous particle displacement induces deformation 
and interparticle extrusion, while interfacial debonding catalyzes crack 
formation and ultimately drives catastrophic structural failure of the 
composite.

Fig.  7 statistically characterizes four morphological parameters of 
Al particles at different strains: equivalent diameter (𝐷 ), sphericity 
eq
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(𝑆), elongation index (𝐼E), and flattening index (𝐼F). During the elastic 
regime (𝜀 < 9.71%), Al particle morphology remains essentially invari-
ant Deformation occurs only after the composite reaches its ultimate 
compressive strength. After 19.66% strain, the fraction of small Al par-
ticles (𝐷eq < 15 μm) increases significantly, with concurrent decreases 
in 𝑆, 𝐼E and 𝐼F. These compaction-induced flattening correlate with 
localized Al volume fraction increases in specific regions after 19.66% 
strain, as shown in Fig.  5a.

The structural evolution of voids within the Al/PTFE composite is 
presented in Fig.  8a–d. During the initial stage of compression (𝜀 =
0%−9.71%), annihilation of the preexisting voids and formation of new 
voids are observed, and the overall distribution of 𝐷eq of the voids 
remains largely unchanged. Subsequent loading (𝜀 = 19.66%−30.10%) 
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Fig. 6. Void evolution in the regions as defined in Fig.  5a. (a) Region D1. (b) Region S1. (c) Region D2. Blue indicates Al particles, while red represents voids. Labels P1–P12 
correspond to twelve selected Al particles tracked during the deformation process.  (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
Fig. 7. Statistical analysis of Al particle morphology at different strains. (a) Equivalent 
diameter (𝐷eq). (b) Sphericity (𝑆). (c) Elongation index (𝐼E). (d) Flatness index (𝐼F).

drives stress-mediated void coalescence, yielding both increased mean 
void size and population density. As seen from the distributions of 𝑆, 
𝐼E and 𝐼F, voids gradually deform from nearly spherical to ellipsoidal 
shapes as strain increases from 0 to 19.66%. After 19.66% strain, 
rightward shifting of 𝐼E and 𝐼F peaks indicates coalescence-triggered 
void annihilation, with residual voids undergoing collapse through 
stress redistribution.

Considering the rotation of Al particles and the deformation of 
voids, the orientations of the 𝑅1-axes (the long semi-axes) of Al par-
ticles at different strains are analyzed (Fig.  9a). Initially, the 𝑅1-axes 
of Al particles show preferential orientation with yz-plane parallel to 
6 
Fig. 8. Statistical analysis of void morphology at different strains. (a) Equivalent 
diameter (𝐷eq). (b) Sphericity (𝑆). (c) Elongation index (𝐼E). (d) Flatness index (𝐼F).

the load direction, with several high-probability-density regions near 
𝜃1 = 45◦ and 90◦. During the early compression stage (𝜀 = 9.71%), 
constrained particle rotation prevails due to PTFE matrix interlocking. 
By 𝜀 = 19.68%, as the composite reaches the ultimate compressive 
strength, neighboring particle interactions drive axis reorientation. This 
rotational homogenization eliminates initial angular preferences of the 
𝑅1-axes of Al particles, as evidenced by probability density flatten-
ing. With further compression, the 𝑅1-axis orientations become more 
uniform.

Given the annihilation of initial voids and the formation of new 
voids during compression, the 𝑅 -axes (the shortest semi-axes) of voids 
3
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Fig. 9. Pole figures of the orientations of (a) the 𝑅1-axes of Al particles, and (b) the 𝑅3-axes of voids at different strains. Color-coding refers to probability density.  (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 10. Scheme for converting a CT image into an FEM model. Pink: Al particles; gray: 
PTFE matrix.  (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

are analyzed and shown in Fig.  9b. Initially, the 𝑅3-axes predomi-
nantly align within the xz-plane perpendicular to the loading axis. As 
the strain exceeds 9.71%, the orientations of the 𝑅3-axes gradually 
converge to the loading direction (the 𝑧-axis) driven by progressive 
deformation. This reflects void flattening anisotropy induced by axial 
compression, where void aspect ratios decrease preferentially along the 
loading direction regardless of initial orientations. Debonding-induced 
voids amplify this alignment tendency through stress-concentration 
effects. At 30.10% strain, the coalescence of some voids leads to a redis-
tribution of the orientations of their 𝑅3-axes, causing partial dispersion 
of the 𝑅3-axes.

3.3. FEM analysis

To reveal more detailed deformation mechanisms of the Al/PTFE 
composite under quasi-static compression, the CT images are employed 
to construct a 3D finite element method (FEM) model. A region mea-
suring 105 × 105 × 210 μm3 is randomly extracted from the central 
region of the composite for analysis. The modeling procedure is shown 
in Fig.  10. First, a region of interest (ROI) image is cropped from the 
binarized CT image. Next, the binarized image is discretized into a 3D 
grid, where the vertices of each voxel serve as nodes, and each voxel 
is defined by 8 neighboring nodes, forming a hexahedral element. The 
FEM model comprises 130 Al particles with 528384 elements.

Two rigid plates are added to the top and bottom surfaces of the 
ROI along the loading axis to simulate the compression experiment. 
The boundary conditions are set as free boundaries to capture the 
inhomogeneous deformation during compression. A strain of 30% is 
7 
Table 1
Material parameters of the Al particles and the PTFE matrix for FEM analysis 
[43,70–75]. 𝜌: density; 𝐸: Young’s modulus; 𝜈: Poisson’s ratio. See Eqs. (5) and (6) 
for other parameters.
 Parameters Al PTFE  
 𝜌 (g cm−3) 2.7 2.2  
 𝐸 (GPa) 70 0.315 
 𝜈 0.34 0.41  
 𝐴 (MPa) 265 8  
 𝐵 (MPa) 426 30  
 𝑛 0.34 1  
 𝐷1 ⋯ 0.45  
 𝐷2 ⋯ 0.25  
 𝐷3 ⋯ 4.65  

applied with a strain rate of 0.001 s−1. The FEM analysis uses the 
explicit method with mass scaling enabled, using a scaling factor of 
0.0001.

The Johnson–Cook (JC) constitutive model [67] and progressive 
damage model [68] are used to describe the deformation and damage of 
Al particles and the PTFE matrix. The flow stress (𝜎f ) in the simplified 
JC constitutive model, excluding the strain rate hardening and thermal 
softening items, is expressed as [69] 
𝜎f = 𝐴 + 𝐵𝜀𝑛eq. (6)

where 𝐴 is initial yield strength, and 𝐵 and 𝑛 are the hardening mod-
ulus and hardening exponent, respectively. 𝜀eq refers to the equivalent 
plastic strain.

Similarly, the fracture strain (𝜀frac) is described as [70] 
𝜀frac = 𝐷1 +𝐷2 exp(𝐷3𝜎

∗). (7)

Here 𝐷1–𝐷3 are damage parameters, and 𝜎∗ denotes stress triaxiality. 
Failure occurs when the damage parameter, 𝐷 = ∫ d𝜀eq∕𝜀f rac, reaches 
unity. Given the significant difference in Young’s modulus between 
Al and PTFE, only the damage of PTFE is considered in the FEM 
analysis. The corresponding material parameters are listed in Table 
1 [43,70–75].

The simulation results, including the distribution of von Mises stress 
(𝜎M), equivalent plastic strain (𝜀eq), and stiffness degradation (SDEG), 
are illustrated in Fig.  11a–c for different strains.

According to Fig.  11a, stress concentrations are evident as early as 
at 5% strain. The stress is primarily concentrated on the Al particles 
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Fig. 11. Configurations of the Al/PTFE composite subjected to different strains obtained from FEM. Color coding is based on (a) von Mises stress (𝜎M), (b) equivalent plastic strain 
(𝜀eq), and (c) stiffness degradation (SDEG).  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
and gradually decreases from the particle surface towards the interior. 
As the deformation progresses, particles undergo mutual compression 
(e.g., marked by the red circle), experiencing significant stress ∼500 
MPa. At 20% strain, the marked particle within the ROI exhibits no-
ticeable rotation, while an Al particle near the right edge (indicated by 
the red arrows) experiences interfacial debonding. The distribution of 
𝜀eq in Fig.  11b shows the localization of plastic deformation in the PTFE 
matrix. At 𝜀 = 20%, the wrinkling of the matrix material on the surface 
of an Al particle is observed (the red arrow), followed by interfacial 
debonding subsequently (𝜀 = 30%). However, no significant stress 
concentration is detected in this region, as a result of discontinuous 
displacement between the Al particle and the PTFE matrix interface.

Although the simulated stress concentrations should be interpreted 
with consideration of model simplifications, including the usage of a 
simplified JC constitutive model and idealized particle-matrix inter-
faces. These assumptions may affect quantitative accuracy but do not 
compromise the qualitative trends aligned with experimental observa-
tions.

The damage of the PTFE matrix described by SDEG is shown in 
Fig.  11c. During compression, the distribution of SDEG is localized 
within the PTFE matrix. Notably, no changes in SDEG are observed 
around the marked particles during the 5%–20% strain range, despite 
significant stress concentrations and plastic deformation in this region. 
At 𝜀 = 20%, the SDEG begins to increase in response to the rotation of 
the marked particles. By comparing the microstructure of the marked 
particles with the remaining damaged regions, we observe that the 
alignment of neighboring particles near the damaged sites consistently 
form a finite angle with the loading direction. It suggests that the 
damage is primarily driven by the interfacial debonding induced by 
shearing between neighboring particles. Damage occurs only when the 
orientations of the adjacent particles deviate away from the loading 
direction.
8 
4. Conclusions

The mechanical response of an Al/PTFE composite to uniaxial com-
pression is investigated using in situ micro-CT, and the morphological 
and structural characteristics of Al particles and voids are obtained 
through a gyration tensor. The CT-image-based-FEM modeling to reveal 
the deformation and damage mechanisms. The main conclusions are 
summarized as follows:

• The deformation of the Al/PTFE composite under quasi-static 
compression is initially achieved via mutual compression between 
regions with high particle density, which transitions to compres-
sion within the regions at later stages. Compression induces the 
plastic deformation of Al particles and the collapse of initial voids.

• The damage manifests as interfacial debonding and crack co-
alescence. Interfacial debonding dominates damage evolution, 
driven by the mutual shear displacement between Al particles, 
particularly when the alignment of neighboring particles deviates 
from the loading direction. 

• The integrated in situ CT based FEM simulations framework quan-
titatively links 3D microstructural evolution (via gyration ten-
sor analysis) to mesoscale stress localization, revealing particle-
dependent stress distribution and matrix damage initiation.

These results emphasize the critical role of particle alignment and void 
distribution in tailoring mechanical performance. Optimizing fabrica-
tion processes to minimize particle misorientation and initial voids 
could enhance compressive strength and damage tolerance.
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