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One novel important application of sinter-based additive manufacturing involving

binder jetting is copper-based products. Three different variants of nominally pure

copper powder having particle size distributions with D90 < 16, 22, or 31 μm were

investigated in this study. The packing behavior and the flow properties using

dynamic test and shear cell, as well as specific surface area were evaluated. The

analyses employed illustrate the multidimensional complexity. Because different

measurements capture different aspect of the powder, it is imperative to apply a

characterization approach involving different methods. Surface chemical analysis by

means of X-ray photoelectron spectroscopy (XPS) showed that all powder variants

were covered by Cu2O, CuO, and Cu (OH)2, with Cu2O being dominant in all cases.

The finest powder with D90 < 16 μm tended to have higher relative amount of cop-

per in divalent state. The average apparent oxide thickness estimated by XPS depth

profiling showed that the two coarser variants had similar overall average oxide thick-

ness, whereas the finest one possessed smaller oxide thickness. The surface chemis-

try of the powder grades is found to be related to their rheological behavior in

dynamic condition. Considering the specific surface areas in combination with the

average oxide thicknesses, the amount of surface bound oxygen was estimated to be

about �220 ppm for all three variants. Specific concerns need to be taken during the

sintering of powder to keep oxygen level below that of electrolytic pitch copper

(400 ppm).
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1 | INTRODUCTION

Binder jetting is a growing technology in metal additive manufacturing

(AM). The technology comprises a printing stage in which a binder is

deposited with high precision onto a powder bed in accordance with

the pre-set digital model for the part in layer-wise manner. Thereafter,

the printed parts are de-bound and sintered to final density.

Compared with other AM technologies using laser or electron beam,

binder jetting does not employ heat sources with high power. This

means less problems related to residual stresses, distortion, and

shrinkage. In addition, binder jetting is more cost-effective and is able

to print large and complex component without the need for support

structures.

One novel important application of sinter-based additive

manufacturing involving binder jetting is copper-based products.

Additive manufacturing of copper-based products using other

powder bed fusion methods like selective laser melting (SLM) and

electron beam melting (EBM) are associated with some specific

Received: 10 November 2021 Revised: 14 April 2022 Accepted: 9 May 2022

DOI: 10.1002/sia.7107

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2022 The Authors. Surface and Interface Analysis published by John Wiley & Sons Ltd.

Surf Interface Anal. 2022;1–10. wileyonlinelibrary.com/journal/sia 1

https://orcid.org/0000-0002-1726-5529
https://orcid.org/0000-0002-1965-5854
mailto:lars.nyborg@chalmers.se
https://doi.org/10.1002/sia.7107
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/sia
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsia.7107&domain=pdf&date_stamp=2022-05-21


aspects. Even if both are successfully implemented in practice today

in case of pure copper,1,2 the low laser absorptivity in the former

case poses challenges that need to be circumvented and the fact

that EBM requires relatively coarse powder (40–80 μm) always

means inherently rougher part surfaces and the keeping of the part

being built at elevated temperature makes it difficult to create, for

example, narrow channels. In the recent years, binder jetting

additive manufacturing of copper has been focused on the impact

of powder feedstock, printing parameters, binder type, and post

processing including sintering and hot isostatic pressing (HIP). Parti-

cle sizes and size distributions play an important role in the green

and post-processed parts. It has been reported that bimodal powder

mixtures can improve powder spreading in terms of Hausner ratio,

powder bed density, and sintered density compared with the

unimodal powders.3,4 With optimized powder recoating mechanism,

fine copper powder with average particle size of �5 μm results in

improved tensile properties compared with coarser powder and

bimodal powder.5 Nanoparticles are expected to behave as a

sintering aid and increase sintering. However, when adding

nanoparticles to the powder,6 a significant increase in porosity is

observed in the printed parts during the curing process. Regarding

sintering, hydrogen atmosphere is able to improve the purity and

the sintered density of the final copper product.7 In addition, HIP

can be used as a post-process heat treatment of sintered parts to

improve the final part density, tensile strength, and ductility.8–10

Relative density of 97.3% together with promising material proper-

ties including tensile strength, thermal conductivity, and electrical

conductivity9 have been achieved by HIP of printed and sintered

parts created via bimodal powder distributions.

One major disadvantage of binder jetting compared with other

AM technologies using laser or electron beam is the lower density of

the fabricated components. The characteristics of the powder feed-

stock play an important role on the interaction between binder and

powder, the quality of both the green and sintered parts. As for any

powder-bed additive manufacturing technology, it is perhaps even

more important to understand the characteristics of the original pow-

der to be used in a two-stage processing like binder jetting involving a

sintering stage. By virtue of the fine particle size of the powder being

used, typically below 20 and 30 μm, the processing route of binder

jetting combines good printability and sintering ability. This, however,

means powder with high specific surface area (SSA) potentially

imposes challenges with respect to spreading behavior of the powder

as it is laid out across the powder bed. It also constitutes a source for

oxygen as every metal particle will be covered with oxide of minimum

a few nanometers in thickness. For example, the native oxide on iron

in air would be about 3 nm in thickness,11 which for an iron particle of

10 μm in size covered with Fe2O3 would constitute a minimum oxy-

gen level of 360 ppm attributed to surface bound oxygen. For a cop-

per particle of similar size with a typical oxide layer thickness of

2 nm,12 the corresponding level of surface bound oxygen would esti-

mate at 170 ppm. Consequently, powder surface conditions are of

prime importance as the surface oxide must be reduced in part or at

least allow mass transfer across it to allow for sinter necks to form

and grow.13 It is clear that any residual oxide inclusions will both

affect the sintering rate and the reachable sintered density.14 Apart

from this, the shape and size distribution, which would impact on ini-

tial powder packing and hence influence on homogeneity of powder

distribution when spreading a powder layer, should be considered as

well. These geometrical powder characteristics will affect the success

of sintering in terms of isotropic shrinkage and risk for distortion for

given sintering process. So far, the binder jetting has evolved to be

fully implemented in manufacturing with parts reaching near full den-

sity with consistently final closed porosity. For further development,

using finer powder could be an attractive route to reach even better

performance for small feature manufacturing. For this reason, a com-

parative study of three different variants of pure copper powder with

different size distributions was employed, in which a full assessment

of powder characteristics like sizes, size distribution, and SSA was

coupled with rheological characterization and surface chemical analy-

sis by means of X-ray photoelectron spectroscopy (XPS). The study

has been limited to the actual powder characterization using the

above-mentioned tools, but with the intention to pave the way for

using finer copper powder in sinter-based additive manufacturing

technologies.

2 | MATERIAL AND METHODS

Three different variants of fresh nominally pure Cu powder (99.9%)

were provided by Carpenter Powder Products; one grade with

D90 < 31 μm and two grades with D90 < 22 and 16 μm, respectively.

The particle size distributions of the three grades are measured by

laser diffraction analysis using Mastersizer 3000 manufactured by

Malvern Ltd.

The flow properties of different variants of powder intended for

binder jetting were evaluated using a FT4 powder Rheometer from

Freeman Technology, UK in a manner reported previously.15 Prior to

measurement, the powder was conditioned under ambient conditions

for 1 h. Conditioning is a mechanical process designed to loosen and

slightly aerate the powder. The purpose is to remove pre-compaction

and the variability introduced by the operator during sample loading.

By using built-in balance and volume of the test vessel, conditioned

bulk density (CBD) was measured during the dynamic test. Both the

confined and unconfined dynamic flow tests were performed. Con-

fined flow meant the blade moved downwards. The powder was

forced towards the bottom of the containing vessel and thus under

compressive stress. The flow energy was measured repeatedly at a

specific blade tip speed of 100 mm/s for seven times with a condi-

tioning cycle between each. Basic flowability energy (BFE) is the stabi-

lized flow energy from Test 7, whereas the stability index (SI) is the

ratio of energy in Test 1 to energy in Test 7. Subsequently, three addi-

tional tests8–11 at reducing blade speeds were conducted. The flow

rate index (FRI) is the ratio of flow energy in Test 11 to energy in Test

8. This provided information of the sensitivity to flow rate. The pow-

der was then manually tapped 50 times followed by measurements of

flow energy (CEtap50) and density (BDtap50). In unconfined dynamic
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flow tests of conditioned powder, on the contrary, the blade moved

upwards, and consequently, the powder was not consolidated. The

energy expended in establishing the flow pattern is specific energy

(SE). To determine the shear strength properties, shear cell measure-

ments at different levels of normal stress with a pre-compaction of

6 kPa were conducted as well. The obtained shear stress and normal

stress pairs were plotted to generate yield locus. Cohesion was

defined as the shear stress required to deform the powder when no

normal stress is applied. Major principal stress (σ1) and unconfined

yield strength (σc) were determined by fitting Mohr stress circles to

the yield locus. Flow function is defined as the ratio of σ1 to σc. The

parameters of flow properties characterized using FT4 powder

Rheometer in this study is summarized in Table 1. In addition, the SSA

(BET) according to the BET method16 was determined via nitrogen

gas adsorption using a Gemini VII Micromeritics. Prior to measure-

ment, the sample was degassed at 200�C in a nitrogen flow to remove

moisture.

The different variants of powder were then characterized by

means of XPS using a PHI VersaProbe III Scanning XPS microprobe.

Powder was pressed slightly on flat pure Al plates for the analysis, and

the lateral resolution of analysis was kept at 100 μm using 25 kW

monochromatized AlKα X-ray beam. The experimental set-up of the

instrument is such that the incoming X-ray beam hits the sample

target at normal incidence and that the analysis direction is at 45�

compared with the sample surface. For powder sample with spherical

geometry, simplified to 2D-cross-sectional view, this typically means

take-off angles at between 90 and 0�. Energy calibration was obtained

with reference to Cu2p3/2, Ag3d5/2, and Au4f7/2 positions at 932.6,

368.2, and 84.0 eV binding energies, respectively. The compositional

depth profiling was employed by mean of successive ion etchings and

analyses using a 2 kV argon ion beam and ion current of 7 mA,

scanned 5 � 5 mm2, which produced an etch rate of 1.1 nm/min as

calibrated on flat tantalum sample with known Ta2O5 overlayer thick-

ness. The set-up of ion etching had a nominal angle of ion gun of 33�

with respect to flat surface. This etch rate was assumed to be repre-

sentative estimate when depth profiling the powder samples, and

hence, all depths quoted hereafter refer to thickness values on Ta2O5

units. In previous work, a model17,18 has been developed and verified

to account for the spherical shape of powder in XPS depth profiling.

Using this model, the position of the oxide/metal interface is assigned

to be where the metal intensity reaches approximately 60% of its

maximum value for very thin oxide layers of concern in this study.

This measure is also found to correlate with oxide thickness estimate

using the half maximum intensity of the O1s peak, applied in this

study.

3 | RESULTS AND DISCUSSION

3.1 | Particle size distributions

The particle size distributions in terms of cumulative weight percent-

age of the three grades are shown in Figure 1. It is clear that the pow-

der variant D90 < 16 μm possessed significantly more fine powders

compared with other two variants. The weight percent of powder par-

ticles smaller than 10 μm is �59%, 38%, and 31% for D90 < 16,

22, and 31 μm, respectively.

3.2 | Rheological characterization

The flow behavior of powder plays an important role in additive

manufacturing. The factors that affect the powder flowability include

inherent material properties; powder size distribution and shape;

processing; and environment such as storage time, humidity, and tem-

perature. Different methods are available for characterization of flow

behavior of powder.19 Different measurements capture different

aspect of the powder in various processes. Dynamic test and shear

cell are two characterization methods of flowability.15 The former one

takes the actual flow (dynamic condition) into consideration and pro-

vides information of powder behavior during mixing, transfer, and fill-

ing of, for example, molds. The shear cell test is used for

TABLE 1 Flow properties characterized using FT4 powder rheometer in this study

Parameters Acronyms Conditions Notes

Conditioned bulk density CBD After conditioning Conditioning was performed under ambient conditions for 1 h

Basic flowability energy BFE Confined dynamic test Tests 1–7 were performed at a specific blade tip speed. BFE was

the stabilized flow energy from Test 7

Stability index SI Confined dynamic test Stability index ratio of flow energy in Test 1 to energy in Test 7

Flow rate index FRI Confined dynamic test Tests 8–11 were performed at reducing blade tip speed. FRI was

the ratio of flow energy in Test 11 to energy in Test 8

Flow energy at tapping CEtap50 After tapping 50 times —

Bulk density at tapping BDtap50 After tapping 50 times —

Specific energy SE Unconfined flow test —

Cohesion — Shear cell Shear stress required to deform powder when no normal stress

was applied

Flow function FF Shear cell Ratio of major principal stress σ1 to unconfined yield strength σc
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characterizing the behavior of the powder during the transition from a

static state to a dynamic state, that is, flow initialization. This is the

case when opening the bottom of a hopper.

When comparing the three variants of fresh powder having dif-

ferent size distributions, the most obvious difference regarding the

packing ability is the decrease in CBD achieved as particle size distri-

bution has smaller maximum size, see Table 2. This is also reflected

by the corresponding decrease in BFE, as seen in Figure 2, owing to

less material to move during compression and shearing motion of

the powder while the blade is descending through the powder bed.

In general, the investigated powders are relatively stable, and the

sensitivity of the powder to flow rate is moderate in the confined

flow condition when powder is consolidated, as demonstrated by

the SI and FRI in Table 2. The coarser Cu powder variants of

D90 < 31 and 22 μm variants have similar SI and FRI. For the finest

powder with D90 < 16 μm, there is a slight increase of instability

and sensitivity to flow rate. In addition, significant compaction at

tapping (BDtap50) and the corresponding large increase in flow

energy (CEtap50) after tapping are observed for all three variants.

Different from the variation of BFE, flow energy after tapping

increases with the decrease of D90.

The SE, measured at moving the blade upwards is the resistance

of the powder to flow when close to a non-consolidated or stress-free

state. It is characteristic of an unconfined flow and gives an indication

of the degree of powder cohesivity. Actually, the Cu < 16 μm variant

appears to be more cohesive than two coarser variants. Often, cohe-

sive powder is more sensitive to changes in flow rate. This is consis-

tent with the increased FRI of this powder variant. In summary, the

powder size and its distribution affect the powder flowability signifi-

cantly in a dynamic test in current study, especially for the finest pow-

der grade.

Figure 3 shows the shear stresses required to move the shear cell

at various normal stress levels. Table 3 presents the output of the

shear cell measurements as derived from yield locus of the powder

F IGURE 1 Particle size distributions
of variants of pure copper powder studied

TABLE 2 Rheological characterization of variants of Cu powder studied

Powder BFE (mJ) SI FRI SE (mJ/g) CBD (g/ml) CEtap50 (mJ) BDtap50 (g/ml)

D90 < 31 μm 636 1.04 1.56 3.43 5.01 3,115 6.00

D90 < 22 μm 568 1.02 1.54 3.26 4.82 3,235 5.78

D90 < 16 μm 528 1.18 1.75 4.11 4.63 3,764 5.58

Abbreviations: BDtap50, bulk density at tapping; BFE, basic flowability energy; CBD, conditioned bulk density; CEtap50, flow energy at tapping; FRI, flow

rate index; SE, specific energy; SI, stability index.

F IGURE 2 Flow energy
measurements at fixed (Test numbers
1–7) and variable (Test numbers 8–11)
blade speeds for variants of copper
powder studied. The blade tip speed is
100 mm/s for Tests 1–8; and 70, 40, and
10 mm/s for Tests 9, 10, and
11, respectively
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variants in Figure 3 including results from the BET measurements in

terms of SSA. Cohesion is the shear stress required to deform the

powder when no normal stress is applied. As can be seen from

Table 3, powder with D90 < 31 μm has the highest cohesion, whereas

the values are almost equivalent for two fine variants. The flowability

qualitatively estimated from FF gives the similar trend. It seems that

shear test is less sensitive to the increase of the fines content com-

pared with dynamic test. There might be a threshold below which the

powder behavior changes little in a shear test. Nevertheless, powder

with D90 < 31 μm has worse flow properties than the others in a

shear test. It should be noted that the SSA clearly deviates between

the two finer particle size variants, whereas the difference in SSA

between D90 < 31 and 22 μm variants is instead smaller than

expected, possibly because of more fines, not depicted by particle size

distribution measurements (c.f. Figure 1). This supposedly compen-

sates for the overall particle size distributions. Nevertheless, the

results in Table 3 indicate that the fine powder with large SSA pos-

sessed better flow properties in a shear test, which characterized the

behavior of the powder during the transition from a static state to a

dynamic state, that is, flow initialization.

Powder flow behavior may change significantly during different

stage of processing. This is confirmed by the flowability data of the

finest powder variant D90 < 16 μm in Tables 2 and 3. As stated previ-

ously, dynamic test concerns actual flow (dynamic condition, Table 2),

whereas shear cell provides information during the transition from a

static state to a dynamic state (Table 3). Despite of good flow perfor-

mance in flow initialization (cohesion and FF) and low BFE in dynamic

test, the finest powder variant D90 < 16 μm has an increase in SE,

instability (SI), and sensitivity to flow rate (FRI). Especially, there is

large increase in tap density BDtap50 and flow energy CEtap50 after

tapping. This fact can potentially cause problems at exposure when

shaking or vibrating powder. Nevertheless, the powder grades tested

in this study are supposed to contain certain fraction of fines, which

would add challenges for the powder handling. When considering all

rheometer data, it seems that the D90 < 22 μm shows the better

overall flow performance among the three variants. Still, the signifi-

cant impact of tapping may cause processing problems in binder

jetting.

3.3 | Surface chemical analysis

Because the surface chemical condition constitutes an additional fac-

tor that may affect particle–particle interaction and hence flow as well

as the sintering, it is of paramount importance to couple this informa-

tion as well to the overall powder characterization. Considering oxides

of copper, CuO is a weak base, whereas Cu2O is supposed to show

stronger basic properties in a Lewis sense.20 Both are characterized as

being metal deficient p-type extrinsic semiconductors, with band gaps

of 1.2 and 2.17 eV for CuO and Cu2O, respectively. In as-received

conditions, it can be expected that there is hydroxide formation as

well. Let us now address the surface chemistry of the three variants

of copper powder included in this study.

The XPS high-energy resolution spectra of Cu2p3/2 region includ-

ing shake-up satellite were recorded from the surface of three powder

variants, as shown in Figure 4A. For three powder variants, the main

Cu 2p3/2 peak is located at 932.5 eV, indicating the presence of Cu2O

and/or metallic Cu. The shake-up structure on the higher binding

energy side provided evidence of Cu2+, as marked by solid arrow in

Figure 4A. To distinguish properly between Cu2O and Cu, Auger Cu

L3M45M45 peak was also recorded, as exhibited in Figure 4B. For

three powder variants, the main component of Cu L3M45M45 Auger

peak is located at apparent binding energy position of 569.9 eV,

corresponding to approximate L3M45M45 kinetic energy of 916.7 eV,

F IGURE 3 Shear test data for the variants of
Cu powder with different size distributions; shear
stress versus applied normal stress

TABLE 3 Results from shear testing and specific surface areas determined by the BET method

Material and batch Cohesion (kPa) FF BD (g/ml) SSA (m2/g)

D90 < 31 μm 0.48 6.2 5.07 0.073

D90 < 22 μm 0.32 8.8 4.98 0.079

D90 < 16 μm 0.33 8.6 4.83 0.113

Abbreviations: BD, bulk density; FF, flow function; SSA, specific surface area.
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whereas the peak representing Cu2O/Cu was recorded at 932.5 eV.

This correlation is strongly indicative for Cu2O rather than Cu.12 The

difficulty to observe metallic Cu at kinetic energy of �918.4 eV in

Auger Cu L3M45M45 peak confirmed this again. Consequently, the

overall picture, as depicted from the data in Table 5 and the consis-

tency in analysis and its evaluation, is that all powder variants have

Cu2O as main surface products together with divalent copper com-

pounds either in oxide or hydroxide. For pure Cu, combination of

Cu2O and CuO is expected from thermodynamics modeling,21 and

oxygen activity required for formation of CuO is lower than for less

pure copper like phosphorus-deoxidized copper. Presumably, the

presence of hydroxide only reflects transition of the CuO into

Cu(OH)2 on the outermost surface.

To depict the surface chemistry, a procedure developed previ-

ously for copper powder has been used.12 From that work, the peak

positions of Cu2p3/2 and O1s XPS signals for Cu2O, CuO, and Cu

(OH)2 were experimentally derived in accordance with prior literature

values. Table 4 summarizes the results. With this input as basis, curve

fitting of the core level Cu2p3/2 line was performed for the three vari-

ants of copper powder using asymmetric Gauss-Lorentz function by

means of Multipak software, as presented in Table 5 and Figure 4C–E.

Notice fixed fitting parameters were applied in all cases including peak

positions, peak widths, Gaussian ratio of individual peak, peak tail

length, and peak tail scaling. As can be seen, there is good overall fit

using the three peaks assigned to Cu2O, CuO, and Cu (OH)2 in accor-

dance with Table 4. The goodness of fit is also indicated by the small

chi-square values that are similar for three powder variants. The rela-

tive amounts of different chemical species can be obtained by consid-

ering the area of each fitted peak assuming same sensitivity factors

for the compounds. The overall surface composition is within scope

and range of the analysis is similar for all powder variants. Would

there be any difference, it is then that the finest powder

F IGURE 4 X-ray photoelectron spectroscopy (XPS) high-energy resolution spectrum of (A) Cu2p3/2 core level and (B) Cu L3M45M45 Auger
peak recorded from the surface of copper powders. Curve fitting of Cu2p3/2 core level is also shown for powders with distribution of particle
sizes (C) D90 < 16, (D) 22, and (E) 31 μm

TABLE 5 Relative amounts (mole%) of Cu species on surfaces of
different Cu powder variants

Powder Cu2O
a CuO Cu(OH)2

D90 < 16 μm 69 11.5 19.5

D90 < 22 μm 71.5 12 16.5

D90 < 31 μm 72 11 17

aPossibly including small contributions from Cu owing to X-ray

photoelectron spectroscopy (XPS) peak overlap.

TABLE 4 XPS binding energy positions of Cu2p3/2 and O1s core
level peaks for copper compounds, data from Lodes et al2

Compound Cu2p3/2 (eV) O1s (eV)

Cu2O 932.5 530.7

CuO 933.9 529.7

Cu(OH)2 934.8 531.8

6 NYBORG AND CAO



(D90 < 16 μm) tends to have a higher share of Cu2+ in the surface

perhaps in the form of Cu(OH)2.

Besides the surface composition, the overall oxide thickness is of

importance when considering surface bound oxygen for the different

variants of copper powder. This oxide thickness can be estimated by

XPS depth profiling as outlined in previous work for Cu powder

intended for laser powder bed fusion.12 Figure 5 below shows the

XPS depth profiles in terms of oxygen intensity versus etch time

obtained by means of successive ion etchings and analyses. The nomi-

nal etch rate applied was 1.1 nm/min as calibrated on flat tantalum

sample with known Ta2O5 overlayer thickness. Taking the measure

(IO
max � IO

min)/2 as an indicator for the oxide/metal interface, the

apparent average oxide thicknesses derived for the different powder

variants are shown in Table 6.

From the oxide thickness data presented in Table 6, it can be seen

that the two coarser powder variants have basically the same overall

oxide thickness, whereas the finer powder tends to show slightly thin-

ner oxide. Considering that all variants represent gas-atomized pow-

der, these observations are not unexpected based on the following

arguments. As shown by Nyborg and Olefjord22 and Grinder and

Ericsson23 for gas-atomized metal powder, the average oxide thick-

ness is basically the same for a wide particle size range, whereby the

amount of surface bound oxygen scales with the SSA or simply the

inverse of the particle size. However, when applying surface chemical

analysis in more detail on different size fractions of gas-atomized 12%

Cr-steel powder from the same batch, it was demonstrated by Nyborg

and Norell24 that the finest powder grade with size below about

20 μm had smaller oxide thickness than the rest of the powder. The

availability and transfer of oxygen from the atomizing gas is supposed

to be the rate controlling factor for the potential oxidation during

atomization considering the low availability of oxygen gas

(ppm levels).22 This fact means that mass and heat transfer balance

one another for most particle sizes, expect for the really small ones.

Hence, the less oxidation tendency for the powder with D90 < 16 μm

is suggested to be a consequence of this aspect as this powder has

high share of fines as evidenced from the particle size distribution

measurements (see Figure 1). Obviously, such finer powder is not

more reactive when handled in air after atomization. Would uncon-

trolled oxide growth be case, greater oxide thickness should have

been observed. Instead, it seems like there is somewhat higher

amount of divalent Cu, that is, Cu(OH)2 for the D90 < 16 μm variant

in the surface. The powders have been stored in same manner in des-

iccator prior to XPS analyses, but it cannot be disregarded that there

could be size effect with respect to storage if the surface hydroxide

content is indicative for a consistent difference. As a matter of fact,

when copper oxide is exposed to humid conditions, it will degrade as

shown by Tamai,25 namely, with increasing humidity, there is a

decrease in oxide thickness, whereas the decrease in humidity

increases the oxide thickness. The humidity in this sense affects

also contact resistance in both static and sliding contacts. With this

effect in mind and now the surface compositions of the powder

grades are coupled with their rheological behavior. The powder with

D90 < 16 μm has higher share of Cu2+ in the surface (Table 5). This is

consistent with the increase of CEtap50, SE, SI, and FRI in dynamic

test, compared with other two coarser powder grades that have simi-

lar oxide thickness and surface composition. Interestingly, these two

coarser powder grades have comparable CEtap50, SE, SI, and FRI. The

lower BFE for fine powder is simply because of the lower bulk density,

leading to less material to move during compression and shearing

motion of the powder while the blade is descending through the pow-

der bed. For the shear test, it should be pointed out that the two finer

variants (<16 and <22 μm) were much closer to one another in terms

of cohesion and flow function than what could be anticipated for their

particle size distribution (c.f. Figure 1). Thus, it is suggested that the

difference in surface composition for the finer powder compared with

the two other grades provides a counterbalancing factor.

Even if the actual investigation of the sintering behavior of the

studied powder variants is outside the scope of the present study, a

few remarks can here be made. First, the overall surface bound oxy-

gen XO,S can be depicted by applying the equation XO,S = SSA� tOX�
XO,OX � ρOX, where SSA is specific surface area (cm2/g), XO,OX is the

mass fraction of oxygen in the oxide, t is the thickness of oxide (cm),

and ρOX is the oxide density (g/cm3). For simplicity, let us assume

same XPS sensitivity factors for different Cu chemical species, the

area ratio from curve fitting of Cu2p3/2 line gives the mass fraction of

Cu involved in the different compound. By knowing the density and

oxygen fraction, the thickness of each Cu oxide species can be

F IGURE 5 X-ray photoelectron spectroscopy (XPS) depth profiles
showing O1s peak intensity versus etch time used for determining the
apparent average oxide thickness for the powder variants studied.
The nominal ion etch rate applied was 1.1 nm/min as calibrated on
Ta2O5

TABLE 6 Apparent average oxide thicknesses derived from X-ray
photoelectron spectroscopy (XPS) depth profiles in Figure 5

Sample Oxide thickness (nm)

D90 < 16 μm 2.2

D90 < 22 μm 3.3

D90 < 31 μm 3.5

NYBORG AND CAO 7



obtained as shown in Table 7. With the SSA values for the different

powder grades (Table 3), the oxygen levels related to surface bound

oxygen can be estimated by applying the rule of mixture and the

equation mentioned previously. The obtained oxygen levels are

213, 219, and 214 ppm (Table 7) for the D90 < 16, 22, and 31 μm var-

iants, respectively. The closeness of the figures is related to combina-

tion of oxide thickness and SSA for the different grades. Notice the

apparent average oxide thickness is calculated based on the etch rate

of Ta2O5 with known overlayer thickness. Considering the larger

argon sputtering yield of Cu compared with Ta during depth profiling,

the overall oxide thickness and consequently the oxygen levels

related to surface bound oxygen might be underestimated. On the

other hand, the critical level is about 400 ppm for pure copper,

electrolytic tough pitch (ETP) grade. At above 400�C, the reaction

Cu2O + H2 = Cu + H2O becomes viable whereby water vapor

induced blistering and associated embrittlement become risks. In the

case of binder jetting, after printing stage, it is of course crucial to

reduce the copper oxide on the powder surface in an early stage dur-

ing sintering. The oxygen levels indicated that this is an important

concern for appropriate sintering. Using hydrogen as effective reduc-

tion agent then implies that the oxygen level must be significantly

reduced before reaching the target sintering temperature. For the par-

ticle size distributions of concern here, final target temperatures can

be up to below the melting temperature of copper.9 This requires ded-

icated sintering process design to mitigate blistering effect. Further-

more, as outlined in Section 1, any residual oxide layer represents a

potential restriction for sinter neck development as pointed out by

Munir.13 As modeled and shown by Ashby et al,14 any residual oxide

inclusions limit both the final reachable sintering density in solid state

sintering as well as the sintering rate. Even if reduction of CuO and

Cu2O is thermodynamically viable at low temperatures, the overall

control must be addressed with care.

With decreasing particle size, higher sintering activity is expected

owing to higher SSA. In this respect, the fine D90 < 16 μm powder is

of interest for further studies considering its comparably smaller oxide

thickness. A potential drawback could be higher sensitivity to contam-

ination during handling owing to the higher SSA and some potentially

worse rheological properties, even though not being fully evident

from the present study. The powder surface chemistry is also consid-

ered to be important for the surface interaction in any forming pro-

cess including binder jetting. Both Cu2O and CuO are supposed to be

basic oxides according to Lewis's acid–base concept. An important

consequence is that acidic compounds like stearic acid and oleanic

acid, would adsorb on the surfaces of all powder variants studied,

whereas a basic compound like aniline would tend not to do so. This

has for example been shown for the surface interaction with 316-L

stainless powder used in metal injection molding.26

4 | CONCLUSIONS

Three different variants of nominally pure copper powder of interest

for sinter-based additive technologies like binder jetting were charac-

terized by means of assessing different characteristics of importance

for powder packing and rheology in combination with surface chemi-

cal analysis using XPS. For these variants having particle size distribu-

tions with D90 < 16, 22, or 31 μm, the analyses employed illustrate

the multidimensional complexity in judging the appropriateness of

powder for optimum behavior for the intended processing route. Still,

a number of important conclusions can be stated as follows.

1. With smaller average particle size, both the CBD and the tap den-

sity of the powders decreased. The BFE is related to bulk density.

Finer powder with lower bulk density has reduced BFE. In all cases,

there was significant impact of the tapping depicting a challenge

for use in binder jetting.

2. The finest powder variant D90 < 16 μm has good flow perfor-

mance in flow initialization in terms of cohesion and FF; however,

it behaves less satisfied in dynamic test. When considering all rhe-

ometer data, it seems that the D90 < 22 μm showed the better

overall flow performance among the three variants.

3. Having access to only particle size distribution is not enough for

judging the powder behavior. Neither is the rheological characteri-

zation as such without additional information on SSA. The reason

for this is supposed to be that the different measurements capture

different aspect of the powder in varied process and that the role

of fines at tail of size distribution is a key factor that requires

multi-characterization approach to evaluate.

4. The application of surface chemical analysis (XPS) adds important

information in this context. All variants of powder are shown to be

covered by Cu2O, CuO, and Cu(OH)2 in line with what can be

expected for pure copper. The molar amount of Cu2O is shown to

TABLE 7 Parameters used for calculation of oxygen levels related to surface bound oxygen

Oxide species Density ρOX (g/cm3) Mass fraction of oxygen XO,OX

Thickness tox of different oxide species in three powder variants (nm)

D90 < 16 μm D90 < 22 μm D90 < 31 μm

Cu2O
a 6.00 0.11 1.32 2.10 2.24

CuO 6.31 0.20 0.21 0.34 0.33

Cu(OH)2 3.37 0.33 0.67 0.86 0.94

Specific surface area (SSA, m2/g) 0.113 0.079 0.073

Oxygen levels related to surface bound oxygen (ppm) 213 219 214

aDominant oxide species.
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be dominant in all three cases, but with tendency for higher rela-

tive amount of copper in divalent state (CuO and Cu(OH)2) for the

finest powder with D90 < 16 μm.

5. The surface chemistry of the powder grades is found to be related

to their rheological behavior in dynamic condition. Higher share of

Cu2+ in the surface of powder with D90 < 16 μm corresponds to

the increase of SE, CEtap50, SI, and FRI, compared with other two

coarser powder grades that have similar oxide thickness and sur-

face composition and consequently comparable SE, CEtap50, SI,

and FRI.

6. Considering that both Cu2O and CuO are supposed to be basic

oxides as well as being p-type extrinsic semiconductors, this sets

the conditions for the surface interactions in the binder jetting

process.

7. The XPS depth profiling revealed that the average nominal oxide

thickness was 2.2, 3.3, and 3.5 nm for the powder with D90 < 16,

22, and 31 μm, showing that the two coarser variants had similar

overall average oxide thickness, while the finest one showed the

smallest oxide thickness.

8. Considering the SSAs in combination with the average oxide thick-

nesses the amount of surface bound oxygen was estimated to be

about � 220 ppm for all three variants.

9. The level of oxygen is such that specific concerns need to be taken

during the sintering of powder to reassure proper sintering and

mitigation of effects like hydrogen blistering.
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