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A B S T R A C T   

Surface oxide layer fracture and the subsequent exposure of clean metallic surfaces are critical in various solid- 
state processes for powder consolidation and additive manufacturing. We resolve this process in-situ by 
deforming individual spherical powder particles inside a scanning electron microscope. We reveal three fracture 
modalities, i.e., meridian, radial, and circumferential cracking that sequentially activate with particle flattening. 
Real time measurements of load and displacement upon particle flattening also reveal a significant strengthening 
effect by surface oxide. We attribute the strengthening to two mechanisms: the composite strengthening and the 
strain gradient strengthening.   

Metallic powder particles are often covered with a native oxide layer 
on their surfaces. Understanding the fracture behavior of the oxide layer 
and its effect on the deformation behavior of the particles is essential in 
many solid-state processes from cold spray additive manufacturing 
[1–9] to ultrasonic powder compaction [10,11] and friction stir powder 
consolidation [12–14]. A central mechanism in all these processes is the 
deformation-induced fracture of the surface oxide layer and the subse
quent exposure of the underlying fresh metallic surfaces to achieve 
metallurgical bonding upon intimate contact [9,15–26]. Despite its 
pivotal role, mechanistic discussions around oxide layer fracture at a 
single powder particle level remains mostly phenomenological [27–30] 
or simulation-based [31–34] because the small length-scales involved, i. 
e., ~10 µm for powder particles and ~10 nm for oxide layers make real 
time observations challenging. 

In this work we aim to address the above challenge using in-situ 
observations of oxide layer fracture and instrumented measurements of 
the load and displacement upon flattening of individual powder parti
cles. We flattened spherical metallic particles with and without a surface 
oxide layer inside a scanning electron microscope (SEM) while recording 
oxide layer cracking in real time. We also measured the strengthening 
effect of the surface oxide layer and discussed it in light of the super
position of the composite and the strain gradient effect. We conducted 
finite element (FE) simulations to support our experimental findings. 

Gas atomized polycrystalline Aluminum (Al) particles (THP-A20S, 

Toyo Aluminum K.K., Osaka, Japan) were annealed in a vacuum furnace 
at 200 ◦C for 3 h to produce single crystal Al particles (see cross-sectional 
micrographs in the supplementary material). Using barrel sputtering 
(Toshima Manufacturing Co., Ltd., Saitama Japan), ZnO was then coated 
on particles surface. Process conditions were controlled to achieve a 
uniform oxide layer thickness of ~30 nm (see supplementary Figure S1). 
The choice of ZnO was intentional to achieve a chemical contrast be
tween the oxide layer and the underlying Al that enables resolving oxide 
layer fracture upon particle flattening. For the gas atomized particles 
with and without ZnO layer, we expect a ~5 nm thick native oxide layer 
attached to the surface [15]. However, given the commonality of the 
native oxide layer in both cases, any experimentally measured or 
observed differences can be attributed to the ZnO oxide layer. Particle 
compression tests were conducted on particles with and without an 
oxide layer inside a LEO 1550 SEM using a micromechanical testing 
stage (Alemnis AG, Switzerland) and a 50-µm-diameter flat punch dia
mond tip (Fig 1a). The particles were selected to have an average 
diameter of 10 ± 0.5 µm to exclude any possible size effect. The particles 
were compressed against a rigid sapphire plate. Particle compression 
was conducted under a constant loading rate of 1.334 mN/s until a 
displacement of 5 μm, resulting in a nominal strain of ~70 % (see the 
supplementary video). Nominal strain is defined as [35]: 

εnom = −ln
(

1 −
δ
d0

)

(1) 
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where δ is the displacement and d0 is the initial particle diameter. The 
load-displacement data was continuously recorded for all particles. In 
addition, interrupted compression tests were conducted on particles 
with surface oxide layer to reveal possible oxide fracture modalities. In 
the interrupted compression tests, particles were compressed in multiple 
1-µm compression steps, until a nominal strain of 200 %. The tip was 
retracted after each intermediate step so that the deformed particle and 
the evolution of the oxide layer fracture can be imaged. 

Fig. 1b shows a single crystal Al particle before and after compressing 
to a nominal strain of 65 %. While the surface of the particle is smooth 
before the deformation, we can observe the appearance of slip bands 
(dashed lines) after the deformation. The double-slip behavior in Fig 1b 
is a characteristic of stage II hardening, where the interaction of dislo
cations in nonparallel planes and strong work hardening is expected [36, 
37]. Fig. 1c shows the deformation of the Al particle with oxide layer to 
similar flattening level. The oxide layer exhibits no sign of defects or 
cracks before the deformation. However, significant cracking can be 
observed for the flattened particle on the side and the top surfaces. The 
side surface is fractured primarily through meridian cracks (white ar
rows). We also observe inclined meridian-like cracks in the particle with 
oxide oriented similarly to the slip bands observed for the particle with 
no surface oxide. The slip steps introduced an out-of-plane shear force 
and affected the propagation orientation of the meridian cracks. The 
darker-shaded regions within the gaps created by these cracks indicate 
the exposure of the underlying metallic surfaces. 

The snapshots shown in Fig. 1d were captured during the interrupted 
particle compression test conducted specifically to reveal the sequence 
of oxide layer cracking events. We observe no cracks after the first 1-µm 
compression despite a nominal strain of 15 %. The first fracture modality 
appears in the 15–28 % strain range involves meridian cracks. The 
opening appears to be largest at the center suggesting that the meridian 
cracks initiate at the particle’s “equator” and propagate towards the top 
and bottom edges. We observe a second fracture modality at 39 % 
nominal strain (Fig. 1e). Here, the meridian cracks extend to the top 
surface and form radial cracks. As the compression continues the 
opening of the meridian cracks increases and the radial cracks propagate 
towards the center. We observe the third fracture modality at even larger 

strains; circumferential cracks form in between the radial cracks on the 
top surface (Fig. 1f). These fracture modalities are schematically sum
marized in Fig. 1g. 

Fig. 2a shows the load as a function of displacement for particles with 
and without oxide. The load is averaged over three repetitive tests, and 
the standard deviation is represented by the shadow around the solid 
line. While differences in crystal orientation are anticipated for the 
tested single crystal Al particles, it is interesting to note that the load- 
displacement data for several tested particles (Fig. 2a) shows a rela
tively small standard deviation of 10 % (with oxide) and 4 % (without 
oxide). In contrast to the significant impact of orientation observed in 
uniaxial loading [38,39], in the processes that introduce multi-axial 
stress state, the effect of orientation on single crystal deformation is 
less significant [40]. What is more, the activation of multiple slips sys
tems under very large strains further contribute to small variations in the 
measured load displacement data from one particle to another. 
Following the approach proposed by Assadi et al. [35], we map the load 
displacement data to the particle level stress and strain using Eqs. (1) 
and (2) with F being the compressive load. We highlight that the map
ping is not to suggest a uniaxial stress state for particles. It is rather to 
associate a characteristic stress and strain with which both the size and 
the continuously increasing contact area effects can be excluded from 
the data. 

σnom =
4F
πd2

0

d0 − δ
d0

(2) 

Fig. 2b shows the particle level stress and the work hardening rate as 
a function of the particle level strain. Considering that the Peierls stress 
is very small for single crystal Al (on the order of ~1 MPa [36,41–44]), 
we can identify the initial nearly linear part of the stress strain curve for 
the particle with no oxide as a representation of stage II hardening. In 
this stage, dislocation slip occurs in more than one set of planes (see 
Fig. 1b). Our results show a relatively small stage II tansitioning to stage 
III hardening at around 9 MPa. This is expected in metals with high 
stacking fault energies such as Al as they can deform so easily by cross 
slip. The rest of the deformation in stage III occurs with a gradually 
decreasing hardening rate indicating the increasing role of dynamic 

Fig. 1. (a) Schematic of the particle compression test. In-situ observations of (b) single-crystal Al particle and (c) single crystal Al particle covered with a surface 
oxide layer before and after flattening. (d) Interrupted compression test of an Al particle with surface oxide layer shows the evolution of the oxide layer fracture and 
different cracking modalities. Closer views of the oxide layer fracture on the top surface, at nominal strains of (e) 39 % and (f) 49 %. (g) Schematic representation of 
the oxide layer fracture modalities. 
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recovery processes. 
The nominal stress-strain behavior of the particle with oxide shows 

interesting contrasts with the bare particle. First, the oxide layer brings 
about considerable strengthening effect. The transition from stage II to 
stage III hardening occurs at a higher level of stress, 14 MPa, and the 
stress required to flatten the particle to 70 % strain is increased by a 
factor of 1.75. While the strengthening is expected with the presence of 
the oxide layer, its level is somewhat surprising especially when 
considering that oxide layer comprises only a ~1.8 % volume fraction of 
the entire particle. Second, we observe a higher work hardening rate for 
the particles with oxide layer at strains below ~12 %, before oxide layer 
fracture initiates. We can attribute this extra hardening to the composite 
strengthening effect. Third, we observe a significant drop in the rate of 
work hardening for particles with oxide layer in strains ranging from 
~12 % to ~20 %. This regime coincides well with the occurrence of 
significant cracking activities observed in our in-situ interrupted 
compression test and therefore can be attributed to the oxide layer 
fracture. Fourth, we observe a slight increase in the work hardening rate 
of the particles with oxide starting at ~20–25 % strain range after which 
the work hardening rate remains higher than the bare particle for the 
remainder of the deformation. 

To better understand the oxide layer fracture as well as its 
strengthening effect, we conducted 2D axisymmetric FE simulations of 
the flattening of 10-µm Al particles with and without a 30-nm ZnO oxide 
layer (See supplementary material for the simulation details and Fig. 2a 
for the predicted load-displacement data). Distributions of the circum
ferential and radial components of stress within the oxide layer are 
shown in Fig. 3 for different particle-level strains. As the particle flat
tens, the circumferential stress increases with a higher rate compared to 
the radial stress. This explains why meridian cracks are the first fracture 
modality observed in the experiment. Our simulation shows that in the 
strain range of 15–28 % where meridian cracks occur during the 

experiment, the circumferential stress on the side surface is 4–6 GPa. 
This stress level corresponds well with the fracture strength reported for 
ZnO at small scales, ranging from 2 to 8 GPa [45,46]. The peak 
circumferential stress is located at the "equator" of the particle where we 
identified as the region where meridian cracks initiated in the 
experiment. 

As the particle further flattens, the circumferential stress on the top 
surface also increases. At 39 % strain it reaches the fracture threshold 
level, ~4–6 GPa, at the edge on the top surface. This is also in accord 
with the strain level at which the radial cracks on the top surface were 
observed. With even further flattening of the particle, the radial stress on 
the top surface also approaches the threshold for fracture and drives the 
formation of the circumferential cracks in between the radial cracks. Our 
results also show that both stress components remain relatively low (less 
than 2 GPa) in the central area on the top surface. This aligns with the 
observation of no significant cracking activities in this region at 70 % 
strain. 

To understand the significant oxide layer strengthening we first 
examine the composite effect: 

σComposite = (1 − f )ασAl + f ασOxide (3)  

where f is the volume fractions of the oxide layer, σAl and σOxide are the 
average nominal stresses carried by the Al particle and the oxide layer 
respectively, and α = 0.8 is a correction factor to account for the devi
ation from the isostrain condition (see supplementary material). The 
strengthening defined as the difference between the particle level 
stresses with and without the oxide layer can be approximated as: 

Δσ = σComposite − σAl (4) 

Fig. 4 compares the overall strengthening measured experimentally 
with the composite strengthening predicted from Eq. (4). We used the 

Fig. 2. (a) Experimental measurements and numerical predictions of the load-displacement behavior for particles with and without surface oxide. (b) Nominal stress- 
strain curves mapped from the load-displacement data and the corresponding work hardening rates as a function of the particle level strain. 

Fig. 3. Distribution of (a) circumferential and (b) radial components of stress within the 30-nm surface oxide layer at various strain levels.  
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nominal stress in Al from Al particle compression experiments and the 
volume averaged Mises stress in the oxide layer from our FE simulations. 
In constructing the plot, we assumed that the average stress of the oxide 
layer reaches an upper bound on the side surface as well as on the top/ 
bottom surfaces when meridian and radial cracks form respectively. In 
the early stage of flattening, the good agreement between the experi
mental measurements and the prediction shows that composite effect is 
indeed the strengthening mechanism during this stage. We observe a 
reduction in the strengthening rate at ~12 % strain which we attribute 
to oxide layer fracture. Nevertheless, the two curves still closely follow 
each other up to ~30 % strain. This confirms the assumption that after 
cracking on the side surface, it is the oxide layers on the top and bottom 
surfaces that continue the composite strengthening. We notice a devia
tion between the two curves starting at the strain range of 20–30 %. The 
deviation becomes larger as the particle flattens further. With significant 
cracking relaxing the stress in the oxide layer, especially at larger 
strains, it is not physically plausible for the oxide layer to be able to 
accommodate the increasing rate of strengthening observed at later 
stages of flattening. The increasing gap between the two curves suggests 
that an additional strengthening mechanism should be operative toward 
the end. 

To identify the additional strengthening mechanism, we closely 
examine the evolution of the equivalent plastic strain in Al particles with 
and without oxide in Fig. 5a. At the early stage we observe the formation 
of a plastic “backbone” in which the majority of the material flow occurs 
through the inward pushing of the top and bottom plastic zones (white 
arrows) [47–49]. The most highly strained regions are located on the 
surfaces in contact with the punch/substrate at this stage. As further 

flattening continues, a major strain redistribution occurs with a shift in 
the location of the highest plastic strain from the top/bottom surfaces to 
the plastic core. The formation of a highly strained core occurs at ~25 % 
and ~30 % for the particles with and without oxide respectively. As the 
core region gets harder with the accumulation of plastic strain, the 
flattening of the particle is mainly accommodated by a lateral plastic 
flow (yellow arrows). In the particle with oxide, we observe an earlier 
formation of the highly deformed core and a higher strain gradient. 
Geometrically necessary dislocation (GND) are required to accommo
date the strain gradient from the top surface to the core. While GNDs 
strengthen both particles, our results suggest the degree of strengthening 
is greater for the particle with oxide compared with the bare particle. On 
this basis we propose strain gradient strengthening to be the additional 
strengthening mechanism. 

To show that strain gradient hardening can indeed cover the gap 
between the measured strengthening and the composite effect in Fig 4, 
we approximate, to the first order, the strain gradient contribution to 
strengthening by ΔσGND ≈ αμb(

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ρGND,composite
√

−
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ρGND,Al

√
). Here μ is 

shear modulus, α = 0.5 is a constant, and b is the magnitude of Burgers 
vector. The density of GNDs can be estimated as ρGND = η/b with η being 
the plastic strain gradient [50]. We estimate the plastic strain gradient 
along the axis of symmetry as the difference between the plastic strain at 
the core and the plastic strain on the surface divided by the particle 
diameter. The strains are taken from the FE simulations. We estimate the 
strain gradient contribution to strengthening at 50 % and 70 % strain to 
be 18 MPa and 31 MPa respectively. These values are close to the gap 
between the measured strengthening and the composite effect, i.e., 15 
MPa at 50 % strain and 20.7 MPa at 70 %. This analysis further supports 
the role of strain gradient as the additional strengthening mechanism in 
particle flattening. While the strain gradient is negligible up to a strain of 
20~30 %, before the formation of the highly deformed particle core, it 
plays an increasing role at the later stages of the flattening. 

Fig. 5b shows the FE predictions of the strain gradient as a function of 
the Al particle surface area-to-volume ratio and the oxide thickness-to-Al 
particle diameter ratio. The map was specifically constructed for a 40 % 
strain in the Al particles at which level all the particles have already 
developed a highly deformed core. The map illustrates that the strain 
gradient level is predominantly influenced by the surface area-to- 
volume ratio. When comparing particles with oxide to bare particles 
at a constant surface area-to-volume ratio, there is a substantial increase 
in the strain gradient. However, once an oxide layer forms, further 
thickening of the oxide layer only leads to a marginal rise in the strain 
gradient. 

In summary, we resolve, in real time, the fracture of surface oxide 
layer upon flattening of powder particles. We found that oxide layer 
fracture occurs with three cracking modalities. It starts with meridian 
cracks on the side surface. As the particle further flattens, radial cracking 

Fig. 4. Strengthening measured from experiment compared to the ones esti
mated from the composite effect. 

Fig. 5. (a) Distribution and evolution of the equivalent plastic strain for Al particles with and without oxide. (b) Strain gradient map as a function of surface area-to- 
volume ratio and oxide thickness-to-particle diameter ratio at a fixed strain of 40 %. 
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and eventually circumferential cracking appear on the top (and bottom) 
surfaces. FE simulations suggest that this specific sequence is driven by 
the distribution and the evolution of the circumferential and radial 
components of stress. The combination of these three cracking modal
ities provide an efficient mechanism to expose the underlying fresh 
metallic surfaces. We also report significant oxide layer strengthening. 
We attribute the strengthening to two contributions: composite 
strengthening and strain gradient strengthening. The former is active 
from the beginning but gradually relaxes with oxide layer fracture. The 
latter contributes at the later stages of particle flattening when a highly 
deformed hard core is formed. These insights should prove useful spe
cifically to understand bonding and consolidation mechanisms in solid- 
state powder-based processes. 
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