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Atmospheric pressure plasma effects
on the adhesive bonding properties of
stainless steel and epoxy composites
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Abstract

An atmospheric pressure helium and oxygen plasma has been used for the surface preparation of 410 stainless steel and

carbon-fiber epoxy laminates prior to bonding to themselves or to each other. Lap shear results for stainless steel

coupons and carbon-fiber epoxy laminates demonstrated an 80% and a 150% increase in bond strength, respectively,

after plasma activation. Following 7 days of aging, wedge crack extension tests revealed a crack extension length of

7.0 mm and 2.5 mm for the untreated and plasma-activated steel. The untreated stainless steel had 30% cohesive failure

compared to 97% for steel activated with the plasma. Surface analysis by X-ray photoelectron spectroscopy showed that

carbonaceous contamination was removed by plasma treatment, and specific functional groups, e.g. carboxylic acids,

were formed on the surface. These functional groups promoted strong chemical bonding to the epoxy film adhesive.

Atmospheric pressure plasmas are an attractive alternative to abrasion techniques for surface preparation prior to

bonding.
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Introduction

The joining of stainless steel alloys to composite
materials is a process with applications in automotive
and aerospace manufacturing.1–7 Metal-polymer com-
posites can produce structures that are significantly
lighter but with the same strength and durability as
traditional metal structures. In automotive body
panels, bonding ultrathin sheet metal to the compos-
ites allows one to produce a panel that is significantly
lighter but with the same appearance and performance
as a panel made from steel. Adhesively bonded metal-
plastic composites offer advantages over riveted struc-
tures, overmolding via mechanical interlocking and
other mechanical joining techniques because it yields
a continuous bond between the two substrates, min-
imizes stress, and acts as a buffer between the metal
and plastic to absorb impact.5,8–12 Additional tech-
nical challenges still exist for bonded repairs before
widespread implementation can be achieved. This
includes qualification of the adhesive bonding process
in terms of bond strength and durability.6 An under-
standing of the mechanism responsible for attaining

proper surface preparation and adhesion is also
needed. The leading structural adhesives are epoxies
that have excellent wetting, mechanical properties,
and high chemical and thermal resistance.13

Previous experiments on adhesive bonding have
demonstrated that proper surface preparation is crucial
when joining two surfaces together. Surface activation is
necessary for generating the strength and durability to
withstand the loading experienced by structural elem-
ents during use.7,14,15 Poorly activated surfaces form
weak joints that fail at the interface between the adhesive
and the substrate. The low energy stainless steel surface
is usually activated either by a wet chemical process
and/or by abrasion. The wet chemical solutions
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employ strong acids which require waste disposal and
copious rinsing with distilled water. Abrasive techniques
are labor and materials intensive, and can damage some
materials, such as polymer composites.14,16,17

Plasma activation of the stainless steel and polymer
composite surfaces prior to bonding offers an alterna-
tive to chemical etching and mechanical abrasion.
However, previous research into plasma activation of
stainless steel has been limited to vacuum-based sys-
tems which have a number of drawbacks. In a
vacuum system, components must be placed inside a
chamber, which limits the size and shape of the object
and adds to the overall process cost. Low-temperature,
atmospheric-pressure plasmas are effective tools for
pre-bonding activation due to their ability to modify
surfaces without affecting the bulk properties.
Operation at ambient pressure does not require cham-
bers, load locks, or vacuum pumps. The process is
highly reproducible since the plasma device is robotic-
ally scanned over the part surface. In addition, at
atmospheric pressure the reactive species are able to
flow through intricate geometries and activate any sur-
face exposed to the gas beam.

In this study, we report on the use of atmospheric
pressure plasma for surface activation of 410 stainless
steel and carbon-fiber-reinforced epoxy (CFRE) com-
posites. Measurements of the change in water contact
angle (WCA) with plasma exposure time were taken.
Single-lap-joint shear tests have been performed to
demonstrate the connection between surface modifica-
tion and adhesive bond strength. Analysis by X-ray
photoelectron spectroscopy (XPS) and atomic force
microscopy (AFM) revealed the changes in surface
properties following plasma activation. When working
with epoxy adhesives, moisture and thermal exposure
can lead to interfacial adhesive failure with a low joint
strength.5–7,13 Wedge crack extension tests (WCETs)
were performed to establish the long-term durability
of the bonded joint against environmental exposure.

Experimentation

Materials

Wear-resistant stainless steel type 410 was purchased
from McMaster-Carr. Grade 410 stainless steel
(11.5–13.5% Cr, <1.0% Mn, <1.0% Si, >0.75% Ni,
<0.15% C, <0.04% P, <0.03% S, balance Fe) is
common in automotive parts. The stainless steel
sheets were 30.5 cm� 61.0 cm� 0.23 cm thick. These
sheets were later cut down into smaller sample sizes
as per ASTM specifications. A rigid carbon-fiber/
epoxy composite was purchased from McMaster-
Carr (carbon fiber-based epichlorohydrin/bisphenol
A epoxy with <5% polymer of epichlorohydrin,

phenol-formaldehyde novolac).18 This composite had
a tensile strength of 120,000 psi. Thicknesses of 3.2mm
and 1.6mm for the composite were used to construct
steel/CFRE laminate panels. The 410 stainless steel
foil used as the surface layer in these panels was
0.15mm thick.

Some samples were abraded with 3M Stikit 300D
aluminum oxide stearate-free 180 grit sanding disks
attached to a random orbital sander. The stainless
steel and CFRE composite coupons were bonded
together using Cytec FM300-2 film adhesive. The film
adhesive had a shear strength of >5000 psi. In most
cases, the stainless steel was coated with Cytec
Industries BR6747-1 metal bond primer prior to apply-
ing the adhesive.

Surface preparation

The first step in surface preparation for all samples was
to wipe the surface with a Kim wipe and isopropyl
alcohol (IPA). The surface was allowed to air dry
before any further treatment. Some of the stainless
steel samples were abraded after the IPA wipe. In this
case, the surfaces were sanded to a matte finish with a
sanding disk attached to a random orbital sander. The
sanded panels were wiped with a clean cloth to remove
any residue on the surface. A new sand paper disk was
used for each sample to reduce the risk of cross
contamination.

Plasma activation was accomplished using a Surfx
Technologies AtomfloTM system equipped with a 200

wide linear beam source. The plasmas were struck
with radio frequency (RF) power at 27.12MHz. The
RF power supply and matching network were models
RF-3X and AM-10, respectively, from RF VII, Inc. An
I&J Fisnar 7000C robot was used to precisely translate
the plasma source over the samples. A source-to-sub-
strate distance of 4.0mm was maintained during all
experiments. Unless otherwise noted, a scan speed of
5mm/s was used as well. Plasma exposure time was
estimated following the procedure described previously
by Gonzalez et al.19 For longer exposure times, the
plasma source was scanned over the surface multiple
times at 5mm/s. The effective plasma beam width par-
allel to the scan direction was 21mm, consequently:

Exposure time secð Þ ¼ N � 21=S ð1Þ

where N is the number of scans and S is the scan speed.
A detailed description of the plasma system is presented
in previous publications.19–22

The plasma treatments were carried out at 200W RF
power, 30.0 L/min helium (99.99% pure), and 0.9 L/min
oxygen (99.9999%). The gas flow rates are given at nom-
inal temperature and pressure of 25�C and 1 atm.
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Surface analysis

WCA measurements were performed with a Krüss
EasyDrop goniometer containing distilled water. Five
to ten droplets were placed on each sample and com-
puter software calculated 50–100 automated measure-
ments of the contact angle per droplet. The average
value was taken and the measurement error was esti-
mated using one standard deviation of the data points.
The plasma exposure time was varied in order to deter-
mine the rate at which the WCA approaches its satur-
ation value. The WCAs were measured immediately
after plasma exposure.

The surface roughness of the stainless steel and
epoxy composites was measured using a VEECO
DI3100 AFM. Surfaces were imaged after the IPA-
wipe, sanding, and plasma activation. The AFM pic-
tures were recorded over a 10 mm� 10 mm area. The
root-mean-square (Rrms) roughness, the arithmetic
roughness (Ra), and the total surface area of the sam-
ples were obtained by using the software program
Nanoscope V6.12r2.

The surface composition of the stainless steel was
analyzed by XPS in an ultrahigh vacuum chamber
with a base pressure of 1� 10�9Torr. The samples
were introduced into vacuum and characterized imme-
diately after surface preparation without any sputtering.
The substrate surfaces were analyzed by XPS before and
after plasma activation to reveal changes in the chemical
structure of the material. Core-level photoelectron spec-
tra of the Fe 2p, Cr 2p, Mn 2p, O 1s and C 1s lines were
collected with a PHI 3057 spectrometer using magne-
sium Ka X-rays at 1286.6 eV. All spectra were taken in
small-area mode with a 7� acceptance angle and 23.5 eV
pass energy. The detection angle with respect to the sur-
face normal was 25�. The binding energies were refer-
enced to the C 1s peak of the aliphatic carbon atom at
285.0 eV. The atomic composition of the surface was
calculated by integrating the intensity for each element,
then dividing by its sensitivity factor. The sensitivity fac-
tors of the Fe 2p3/2, Cr 2p3/2, Mn 2p3/2, O 1s, and C 1s
photoemission peaks were 1.971, 1.583, 1.739, 0.711,
and 0.296. The degree of oxidation of the polymer sur-
faces was obtained by deconvoluting both the C 1s and
O 1s peaks and calculating the integrated intensity for
each feature.

Bonding

The shear strength of the epoxy-bonded coupons was
generated following the procedure described in ASTM
D3165-07.23 However, some alterations were made to
this procedure. The ASTM standard calls for bonding
the steel into 47.5 cm� 47.5 cm specimens before being
cut down to individual 17.78 cm� 2.54 cm coupons. It
was found that this approach damaged the coupons

and produced visible cracking in the bond line. So
instead, the stainless steel was cut into 2.54 cm� 9.53 cm
and 2.54 cm� 8.26 cm pieces and then bonded together
to generate the 17.78 cm� 2.54 cm coupons described in
the ASTM standard. The specimens were bonded
together with adhesive using an overlap of 1.27 cm.
A schematic of these coupons is shown in Figure 1.
Similarly, some alterations were made to the procedure
for bonding the WCET coupons from ASTM D3762.24

The coupons were pre-cut to a size 2.54 cm�
15.24 cm� 0.23 cm thick before they were bonded
together.

All of the samples were immediately prepared for
bonding following the surface treatments described
above. Bond primer was applied to the stainless steel
surfaces at room temperature using a foam brush. The
bond primer was allowed to air dry for 1 hour in a fume
hood, followed by 1 hour in an oven at 240–260�F. The
FM300-2 film adhesive was applied to one of the joint
surfaces, either primer stainless steel or CFRE compos-
ite, and the coupons were bonded together in a press
which applied 50 psi of pressure. The coupons were
cured in an oven that was ramped up to 250�F at a
rate of� 3�F/min. The temperature was held at 250�F
for 60minutes followed by the temperature being
ramped down at a rate of� 3�F/min until it reached
room temperature. At least 24 hours was allowed to
pass prior to mechanical testing.

Mechanical tests

An Instron test frame 4483 with 150 kN load cell was
used to investigate the mechanical properties of the
bonded coupons (ASTM D3165-07). A frame moving
speed of 2mm/min was applied during the tests until
failure. Five sets of lap shear samples were fabricated
and tested for every surface preparation condition to
ensure statistical accuracy.

WCET coupons were fabricated as specified in
ASTM D3762.25 Three sets of conditions were used
for the surface preparation of the stainless steel sam-
ples. One set was a control that received the IPA wipe, a
second set was IPA wiped and activated with the He/O2

plasma, while a third set was IPA wiped, sanded, and
activated with the He/O2 plasma. The surface prepar-
ation, bonding and adhesive curing procedures were
identical to those used for the single-lap-joint shear

Figure 1. Schematic of lap shear coupon geometry.
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tests. Stainless steel wedges were inserted into each
bonded coupon. The initial crack length was recorded
prior to aging. The coupons were then aged inside a
humidity cabinet at 60�C with 98% relative humidity
for 7 days. The crack extension length was measured
for each coupon at intervals of 8 hours, 1 day, and
7 days. The coupons were pulled apart and the crack
extension region was inspected using a Nikon micro-
scope. These pieces were examined to determine
whether failure occurred in the composite, below
the adherend surface, or at the interface. The percent-
age of cohesive failure was acquired by measuring
the area within the crack extension region where failure
occurred within the adhesive itself, and taking the ratio
of this area to the total area of the crack extension
region.

A series of drop weight impact tests were conducted
on the stainless steel foil/CFRE composite laminates.
The He/O2 plasma treatment procedure was performed
as described above. Ten scans were used in these tests.
The tests followed the standard ASTM procedure for
D7136.24 The impact on T-joint coupons was carried
out by Instron Dynatup Model 8250 low velocity
impact testing machine. This test determined the
damage resistance of laminated plates to a drop-
weight impact event. According to the ASTM specifi-
cations, the specimen size was 7.62� 7.62 cm2. The
energy needed to damage the material was used to
measure toughness and damage resistance. Control
samples of grade 410 sheet stainless steel were tested
in combination with the metal/composite laminates.
Two damage types, ‘‘barely visible impact damage
(BVID)’’ and ‘‘clearly visible impact damage
(CVID)’’, were conducted and investigated. The
energy applied in the ‘‘BVID’’ and ‘‘CVID’’ impact
events were 2.7 and 78.9 Joules.

Results

Surface properties

The dependence of WCA with plasma exposure time
can be seen in Figure 2 for CFRE composite and 410
stainless steel. The surface of each polymer was scanned
once with the plasma beam using scan speeds between
500 and 5mm/s in order to vary the plasma exposure
time. Longer exposure times were achieved using mul-
tiple scans of the plasma source at 5mm/s. Prior to
exposure to the plasma, the WCA of the CFRE was
measured to be 66�. Following plasma activation for 5
to 10 seconds, the WCA dropped to a final value of 24�.
The initial WCA of 410 stainless steel was measured to
be 70� after being wiped with IPA. After plasma expos-
ure times of greater than 10 seconds, a WCA of 24� was
achieved. The data in Figure 2 follow an exponential

decay function that is typical of Langmuir adsorption
kinetics.19,20 The data were fitted to a function of
exposure time, �, with the following equation:

WCA tð Þ ¼WCA 1ð Þ þ WCA 0ð Þ½

�WCA 1ð Þ� exp �kexp�
� �

ð2Þ

where WCA(1) is the minimum contact angle
achieved, WCA(0) is the initial WCA, and kexp is the
experimental rate constant. Table 1 lists the initial and
final WCAs for both substrates along with the expo-
nential decay constant for the best fit curve for the data.
The WCA reduction of CFRE occurred at a rate that
was nearly four times that of the 410 stainless steel.

An example of AFM images of the CFRE surface
exposed to the AtomfloTM oxygen plasma is presented
in Figure 3. The AFM images have a projected surface
area of 100.0mm2. The root-mean-square roughness,
arithmetic roughness, and surface area measurements
for the samples are presented in Table 2. It is evident
that the plasma etched the polymer over time. The Rrms

and Ra values measured from about 10� 2 nm for the
control to 63� 7 nm and 39� 6 nm, respectively, fol-
lowing 10 plasma scans. Another 10 scans did not
change the roughness even though more etching had
occurred.

AFM images of IPA wiped, sanded, and He/O2

plasma activated 410 stainless steel are presented in
Figure 4. Again, the images have a projected surface

Figure 2. Change in water contact angle with plasma exposure

time for carbon fiber-reinforced epoxy composite and 410

stainless steel.

Table 1. Rate parameters for water contact angle reduction.

Substrate Initial WCA Final WCA Rate (s–1)

CFRE 65.6� 24.2� 1.55

Steel 69.8� 24.2� 0.42

WCA: water contact angle; CFRE: carbon fiber-reinforced epoxy.
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area of 100.0 mm2. One can see that surface activation
by atmospheric pressure plasma does not affect the sur-
face roughness, whereas sanding obviously does. The
roughness and surface area measurements for the sam-
ples are presented in Table 3. The Rrms and Ra values
for the control and plasma-treated samples averaged
75� 5 nm and 57� 4 nm, respectively. By contrast,
sanding the steel caused the Rrms and Ra values to
increase to 168� 32 nm and 137� 13 nm, respectively.

The CFRE samples were treated under standard
He/O2 plasma conditions at 5mm/s scan speed using
10 scans over the surface. Previous research has shown
a direct correlation between the strength of an adhesive
joint and the concentration of carboxylic acid groups
on the polymer surface.16,26 Figure 5 shows the XPS
spectra for the carbon peak of CFRE before and
after plasma treatment. The control spectrum exhibits
four peaks: non-oxidized carbon (C-C) at 285.0 eV,
carbon with a single bond to oxygen (C-O) at
286.5 eV, carbon with a double bond to oxygen
(C¼O) at 287.5 eV, and carbon bonded to two
oxygen atoms in a carboxylic acid group ((C¼O)-O)
at 289.0 eV.22 The surface concentration of C-C bonded
species before and after plasma activation was reduced
from 81% to 65%. Following plasma activation, the
surface concentration of C-O groups increased slightly
from 8% to 9%, whereas the concentration of C¼O

and (C¼O)-O species increased significantly, from 5%
to 10% and from 6% to 17%.

Figure 6 shows the XPS survey spectra of the 410
stainless steel before and after surface preparation via
He/O2 plasma, sanding, or sanding followed by He/O2

plasma. The plasma exposure consisted of 10 scans at
5mm/s. One sees a C 1s peak at 285.0 eV associated
with aliphatic carbon, and an O 1s peak centered
around 531.6 eV.27 The presence of chromium is indi-
cated by the metallic Cr 2p3/2 peak at 571.4 eV.
Manganese metal was evident from the Mn 2p3/2
peak located at 638.8 eV. Iron metal is observed via
the Fe 2p3/2 peak at 706.8 eV. Auger peaks appear at
binding energies greater than about 750 eV.

Table 4 shows the atomic fraction of each element
on the stainless steel surface. Exposing the control sam-
ples to the helium and oxygen plasma does two things:
(1) it cleans the surface, as evidenced by the drop in
carbon concentration from 59% to 20%, and the
increase in total metal concentration from 9% to
18%; and (2) it oxidizes the surface, as seen by the
increase in oxygen fraction from 32% to 63%.
Sanding also cleans the surface, but not as well as the
plasma, since the carbon concentration drops from
59% to 31%. In addition, the sanding leads to oxida-
tion of the surface, but not as much as plasma, as seen
by an O atomic fraction of 48% and a total metal frac-
tion of 21%. Plasma treatment after sanding reduced
the carbon fraction to 25% and increased the oxygen
fraction to 60%. Note the different distribution of
metal elements on the surface between plasma treat-
ment and sanding. Sanded samples have about 3
times more iron than chrome and manganese on the
surface; whereas plasma-activated samples without
sanding have slightly less iron than chrome and
manganese.

The oxygen 1s spectrum of the stainless steel after
plasma treatment is presented in Figure 7. This spectrum
was de-convoluted into three peaks centered at 530.3 eV,
532.0 eV, and 533.0 eV. They are assigned to O2�, OH�,
and other oxidized hydroxyl groups (OH�)X,

Figure 3. Atomic force micrographs of (a) untreated epoxy composite and (b) composite exposed to 10 scans of the He/O2 plasma.

Table 2. Surface roughness of carbon fiber-reinforced epoxy

composite before and after He/O2 plasma activation.

Treatment Rrms (nm) Ra (nm)

Surface

area (mm2)

Control 12� 2 10� 2 100� 1

1 scan 10� 3 8� 2 100� 1

5 scans 38� 4 24� 4 102� 1

10 scans 63� 7 39� 6 104� 2

20 scans 65� 8 44� 6 105� 2
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where X> 1.28–30 As listed in Table 5, the distribution of
oxygen species is nearly the same for the control and
sanded sample. However, an increase in (OH�) groups
from 19% in the untreated steel to 46% occurred when
the steel was activated with the plasma, and to 25%
when the steel was sanded and activated with the
plasma. Additionally, the oxidized hydroxyl groups,
(OH�)X, increased from 12% in the untreated steel to
20%when the steel was sanded first and then exposed to
the He/O2 plasma.

The iron 2p3/2 X-ray photoemission spectra are pre-
sented in Figure 8. These spectra were de-convoluted
into five peaks centered at 706.8, 709.2, 710.2, 710.7,
and 711.6 eV. The features at 710.2, 710.7, and 711.6 eV
are attributed to Fe3O4, Fe2O3, and FeOOH, respect-
ively.28,31–33 The peak at 709.2 eV was attributed to
both the FeO and Fe(OH)2 species, because these two
bonding states are too close together to be resolved.

Finally, the peak at 706.8 eV was attributed to metallic
iron. The distribution of these species on the surface
following each treatment is given in Table 6. The con-
trol and sanded stainless steel samples have significant

Figure 4. Atomic force micrographs of stainless steel (a) untreated, (b) sanded with 180 grit paper, and (c) treated with the He/O2

plasma.

Table 3. Surface roughness of stainless steel before and after

sanding and plasma activation.

Treatment Rrms (nm) Ra (nm)

Surface

area (mm2)

IPA wiped 75� 5 57� 4 101� 1

Sanded 168� 32 137� 13 107� 3

Plasma 63� 2 48� 2 102� 1

IPA: isopropyl alcohol.

Figure 5. Carbon 1s X-ray photoelectron spectroscopy (XPS)

spectra of carbon fiber-reinforced epoxy (CFRE) before and after

plasma activation.
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amounts of metallic iron in the surface layer. Whereas,
following plasma exposure, the iron exists almost
entirely in oxidized states, Fe2þ and Fe3þ.
Hydroxylated iron species account for approximately
26% of the total iron in the control sample, whereas

plasma exposure increased the relative amounts of
FeOOH and Fe(OH)2 to 57%. The sanded samples
had relatively more hydroxylated species than the con-
trol. Plasma treatment of the sanded steel yields essen-
tially the same distribution of iron bonding states as the
sample that was plasma treated without sanding.

The chromium 2p3/2 X-ray photoemission spectra
are presented in Figure 9. These spectra were de-con-
voluted into four peaks centered at 574.5, 576.1, 577.4,
and 579.0 eV. These features are attributed to metallic
Cr, Cr2O3, Cr(OH)3, and CrO3, respectively.

31,34 The
distribution of these species on the surface following
each treatment is given in Table 7. The control and
sanded chromium samples each showed peaks corres-
ponding to metallic chromium on the surface. Similar
to the iron spectra, exposure to helium-oxygen plasma
converts all the chromium on the surface into oxidized
states. The CrO3 species is not present at all in the
control and sanded samples. However, it accounts for
49% of the plasma-activated sample and 22% of the
sanded and plasma-activated sample. The Cr2O3 and
Cr(OH)3 species are present in all of the samples, how-
ever, Cr2O3 is more prevalent than Cr(OH)3 in the
plasma-treated samples, whereas the reverse is true
for those not exposed to the plasma.

Figure 6. Survey spectra of 410 stainless steel before and after

sanding and plasma activation.

Table 4. Surface composition of 410 stainless steel before and

after sanding and plasma activation.

Treatment C (%) O (%) Fe (%) Cr (%) Mn (%)

Control 59 32 2 6 1

Plasma–activated 20 63 7 8 3

Sanded 31 48 16 4 1

Sanded and

plasma–activated

25 60 12 2 1

Figure 7. Oxygen 1s X-ray photoelectron spectroscopy (XPS)

spectrum of 410 stainless steel after plasma activation.

Table 5. Oxygen 1s binding energies and surface composition

of 410 stainless steel before and after sanding and plasma

treatment.

Species

B.E.

(eV)

Control

(%)

Plasma–activated

(%)

Sanded

(%)

Sanded and

plasma–activated

(%)

O2– 530.3 69 43 64 55

OH� 532.0 19 46 19 25

(OH–)X 533.0 12 11 17 20

Figure 8. Iron 2p3/2 X-ray photoelectron spectroscopy (XPS)

spectrum of 410 stainless steel after plasma activation.
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Mechanical properties

Figure 10 shows the shear strengths of the CFRE which
were activated with an increasing number of scans with
the AtomfloTM. All of the plasma conditions were
maintained constant except for the number of scans
of the plasma source. The IPA wiped specimens with
no plasma treatment yielded average shear strengths of
14� 2MPa. Initially, there is a rapid increase in bond
strength with short plasma exposure times followed by
a more gradual increase towards a saturation value as
the number of plasma scans continues to increase. A
130% improvement in shear strength to 32� 2MPa
was achieved after just 5 plasma scans, with an increase
to 35� 2MPa occurring after 20 total scans.

Figure 11 shows the shear strengths of 410 stain-
less steel samples following the different surface

preparation methods. For the samples which were acti-
vated with the He/O2 plasma, all of the conditions were
held constant. It is often necessary to use bond primer
in the adhesion of metals to reduce the tendency for
corrosion. The control specimens that received an
IPA wipe exhibited a lap shear strength of

Table 6. Iron 2p3/2 binding energies and surface composition of

410 stainless steel before and after sanding and plasma treatment.

Species

B.E.

(eV)

Control

(%)

Plasma–activated

(%)

Sanded

(%)

Sanded and

plasma–activated

(%)

Fe 706.8 61 5 28 3

FeO and

Fe(OH)2

709.2 22 32 27 33

Fe3O4 710.2 3 22 8 22

Fe2O3 710.7 11 17 16 17

FeOOH 711.6 4 25 20 25

Figure 9. Chromium 2p3/2 X-ray photoelectron spectroscopy

(XPS) spectrum of 410 stainless steel before and after plasma

activation.

Table 7. Rate parameters for water contact angle reduction.

Species

B.E.

(eV)

Control

(%)

Plasma–activated

(%)

Sanded

(%)

Sanded and

plasma–activated

(%)

Cr 574.5 22 — 27 —

Cr2O3 576.1 27 35 32 60

Cr(OH)3 577.4 52 16 41 18

CrO3 579.0 — 49 — 22

Figure 10. Lap shear strength of bonded epoxy composites

versus plasma exposure time.

Figure 11. Lap shear strength of bonded 410 stainless steel

versus surface preparation method.
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19� 3MPa without bond primer and 24� 1MPa with
primer. When the stainless steel was activated by He/O2

plasma, the lap shear strength increased to 33� 1MPa.
When bond primer was added to the plasma-activated
steel, the lap shear strength was maintained at
33� 2MPa. The lap shear strength of stainless steel
that was sanded and plasma-activated was 28� 1MPa
without bond primer. If bond primer was used on the
material that was sanded and plasma activated, then
the lap shear strength increased to 35� 1MPa. The
stainless steel samples that were sanded with bond
primer had a lap shear strength of 27� 3MPa. It is

evident that plasma activation increases the bond
strength to its maximum value.

The rate at which the lap shear strength of 410 stain-
less steel increased with plasma exposure is presented in
Figure 12. Bond primer was applied to all specimens
and the plasma conditions were held constant except
for the number of plasma scans. The control specimens
had an average shear strength of 24� 4MPa. The lap
shear strength sharply increased to 32� 3MPa follow-
ing 3 scans and remained constant thereafter.

Images of the fracture surfaces of the CFRE compos-
ite after bond failure are presented in Figure 13. The
crack extension region is indicated for each set of sam-
ples. The crack extension lengths were recorded before
and after 7 days of aging at 60�C and 98% relative
humidity. Military standards for bond strength and dur-
ability are to achieve a wedge crack extension length of
less than 6.4mm over 7 days and to have an average
cohesive failure mode of 90% or greater.14 Bond
primer was applied to all of the coupons used for the
WCET. The control sample pair that was wiped with
IPA prior to bonding is shown in Figure 13(a). The ini-
tial crack length for the control sample was 29.0mm as
seen in Table 8. Following 7 days of aging, the crack
length increased to 36.0mm giving a crack extension
length of 7.0mm. The control sample therefore,
does not meet military specifications. The pair in
Figure 13(b) shows the crack extension region for cou-
pons that had been prepared by sanding. Examination
of the failed surfaces reveals domains within the crack

Figure 13. Pictures of the crack extension surfaces for stainless steel substrates prepared using (a) the isopropyl alcohol (IPA) wipe

(control), (b) sanding, (c) He/O2 plasma activation, and (d) sanding followed by He/O2 plasma activation.

Figure 12. Lap shear strength of 410 stainless steel versus

plasma exposure time.
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extension region where the shiny metallic surface is vis-
ible, indicating interfacial failure. This sample had an
initial crack length of 38.5mm. After 7 days of aging,
the total crack length was 44.0mm, which corresponds
to a crack extension length of 5.5mm. The average cohe-
sive failure percentage of these coupons was 81%, which
does not meet military specification.

The pair in Figure 13(c) shows the crack extension
region for coupons that had been prepared using He/O2

plasma activation. Close examination of the failed sur-
faces shows a dull matte appearance over the bond line
rather than the shiny metallic surface seen in the con-
trol sample. There is also a light band in the center of
the samples, which is the crack extension region. This
sample had an initial crack length of 34.0mm. After 7
days of aging, the total crack length was 36.5mm,
which corresponds to a crack extension length of
2.5mm. The crack extension region shows little to no
areas of the metallic substrate. The average cohesive
failure percentage of the He/O2 plasma-activated cou-
pons was 97%.

The failure surface for a substrate that was sanded
followed by He/O2 plasma activation is given by the
sample pair in Figure 13(d). This set had an initial
crack length of 28.5mm and over a 7-day period in
the humidity chamber, the crack length increased by
3.5mm. Moreover, the cohesive failure percentage
was 94%. It should be noted that the majority of the
metallic surface exposed in this sample is at the edge of
the crack extension region.

The metal-composite laminates and sheet steel were
tested under conditions that were sufficient to create
varying levels of damage to the panels. The damaged
samples exhibiting ‘‘clearly visible impact damage
(CVID)’’ can be seen in Figure 14. The applied CVID
energy was 78.9 J. Control samples of 18 gage (1.2mm
thickness) sheet steel were used to normalize the
damage resistance of the composite samples against a
standard consistent with an automobile body panel.
The damage area and depth of the steel and steel/
CFRE samples are summarized in Table 9. The stain-
less steel panel shows a large depression with a pene-
tration depth of 7.0mm. The depression in the steel
panel is much deeper than that in the CFRE/steel
laminate, which had an impact depth of 4.0mm.
The 18-gage steel had a relatively large damage area
of 19.6 cm2. The 3.2-mm thick CFRE/steel laminate
exhibited damage only where contact was made with
the impactor and had a damage area of 0.8 cm2.

A second set of conditions was used to generate
‘‘barely visible impact damage (BVID).’’ The damaged
samples can be seen in Figure 15. The applied BVID
energy was 2.7 J. Again, the steel sample shows a much
larger depression with a dent which penetrates deeper
than the two CFRE/steel laminate samples. The steel
sample shows a distinct protrusion resulting from the
impact which was 1.0mm deep. The set of 1.6-mm thick
CFRE/steel laminates exhibited damage to the front.
These samples provide better impact performance
than the steel with indentation depths of 0.1mm and
0.5mm, respectively, for the 3.2mm thick and 1.6mm
thick laminates. The 3.2mm thick and 1.6mm thick com-
posite panels confined the front-side damage area to
0.1 cm2 each. This was much smaller than the 1.1 cm2

damage area for the sheet steel. The laminate panels

Table 8. Wedge crack extension test results for stainless steel substrates.

Surface preparation Crack length (mm)

Cohesive failure (%)Sanding Plasma Initial 8 hours 1 day 2 days 7 days

No No 29.0 32.5 34.0 35.5 36.0 30

Yes No 38.5 42.0 43.5 44.0 44.0 81

No Yes 34.0 35.0 36.0 36.5 36.5 97

Yes Yes 28.5 30.5 31.5 31.5 32.0 94

Figure 14. Coupon surfaces following a ‘‘clearly visible impact

damage’’ event for (left to right) 18 gage sheet steel and 3.2 mm

steel/carbon fiber-reinforced epoxy (CFRE) laminate: (a) front

and (b) backside of samples.
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exhibited superior resistance to impact compared to
sheet steel, while still achieving significant reductions
in panel weight. The 3.2-mm thick CFRE/steel
laminates weigh 38% less than the sheet steel, while
the 1.6-mm thick panels weigh 64% less than the sheet
steel.

Discussion

A number of mechanisms are known to contribute to
the strength of an adhesive bond. The wettability of the
surface is integral in bonding due to the desire to make
intimate contact between the adhesive and the sub-
strate. Plasma activation of the CFRE reduced the
WCA to a saturation value of about 24�. The reduction
in the WCA on the CFRE surface is due to the oxida-
tion of the polymer resin to generate polar functional
groups. Gonzalez et al.19,20,35 have previously demon-
strated similar results on a number of polymer sub-
strates. It must be noted that surface wetting is
optimized over relatively few plasma scans when com-
pared to the number of plasma scans that produced the
best bond strength and durability. This suggests that
surface wetting is a necessary but not sufficient condi-
tion for strong adhesive bonding between the CFRE
materials.

AFM measurements of CFRE increased from 12 nm
to 65 nm after 20 scans of plasma treatment. Zaldivar
et al.26 observed a decrease of approximately 10� in the
WCA following the abrasion of epoxy composite spe-
cimens. This slight reduction in contact angle was
attributed to the increased surface roughness of the
composite. Previous work using a variety of polymeric
materials has shown that surface roughness values
below 100 nm do not induce significant changes in
WCA.36,37 This is consistent with this study which
offers no correlation between surface roughness and
the measured WCA following plasma activation.
Research shows that a more roughened surface gives
rise to increased bond strength by creating a larger con-
tact area between the substrate and adhesive as well as
through the process of mechanical interlocking.38,39

However, no correlation is discerned between adhesion
and surface roughness in this study, since the improve-
ment in lap shear strength occurred at treatment times
of less than 10 scans with a negligible improvement
between 10 and 20 scans.

Activation of the CFRE surface with >10 scans of
the atmospheric pressure, helium and oxygen plasma
yielded a lap shear strength of 35MPa compared to
only 14MPa for untreated samples. The 150% increase
in adhesion seen for the CFRE composite is compar-
able to that reported by Zaldivar et al.26 They observed
a >50% increase in the lap shear strength of epoxy-
bonded CFRE composites after activation with the
atmospheric-pressure helium and oxygen plasma. The
work done by these authors has shown a direct correl-
ation between the strength of the adhesive bond and the
concentration of carboxylic acid groups generated by
plasma activation. This correlation is likely due to
chemical bonds formed between the carboxylic acids
and the epoxide functionality in the adhesive. This is
consistent with the measurements made in this study.
X-ray photoemission spectroscopy revealed that the
surface concentration of ketone and carboxylic acids
more than doubled following plasma treatment,
whereas the surface concentration of hydroxyl groups
remained relatively unchanged. Another important
finding in the study by Zaldivar et al.26 is that the

Table 9. Damage area and depth of the steel and steel/CFRE laminates following impact tests.

Material

Thickness of

CFRE (mm) Damage type

Impact

energy ( J)

Damage

area (cm2)

Impact

depth (mm)

Steel N/A Clearly visible 78.9 19.6 7

Steel/CFRE laminate 3.2 Clearly visible 78.9 0.8 4

Steel N/A Barely visible 2.7 1.1 1

Steel/CFRE laminate 3.2 Barely visible 2.7 0.1 0.1

Steel/CFRE laminate 1.6 Barely visible 2.7 0.1 0.5

CFRE: carbon fiber-reinforced epoxy.

Figure 15. Coupon surfaces following a ‘‘barely visible impact

damage’’ event for (left to right) 18 gage sheet steel, 3.2 mm

steel/carbon fiber-reinforced epoxy (CFRE) laminate, and 1.6 mm

steel/CFRE laminate: (a) front and (b) backside of samples.
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generation of hydroxyl and carbonyl species occurred
first and that further oxidation of the surface created
the carboxylic acid groups. This phenomenon could
explain the delay between the plasma exposure time
necessary to achieve a hydrophilic surface and that
needed to achieve maximum bond strength.

After plasma treatment, the WCA of stainless steel
dropped to a minimum of about 24�. The WCA reduc-
tion exhibited by the steel surface is likely the result of
two separate mechanisms. It is a combination of the
removal of organic matter from the surface and the
generation of polar hydroxyl groups. This is consistent
with the XPS results which showed a 66% reduction in
the atomic fraction of carbon on the surface as well as a
two-fold increase in hydroxyl groups and other oxi-
dized hydroxyl species. The high WCA of the untreated
surface presents a problem when bonding the material
due to the difficulty in wetting the surface with the
water-based bond primer. As a result, the surface
was not fully covered with the bond primer; instead,
the primer beaded up leaving areas completely free of
the material.

Surface roughness measurements following plasma
activation of 410 stainless steel demonstrate no evi-
dence of etching or roughening of the surface. The
mechanical abrasion of the steel via sanding is evident
from the grooves created by the orbital sander as seen
in Figure 4. An increase in roughness was generated,
but this did not correlate with any improvement in the
strength of the bond between samples that were sanded
and those that were activated with the helium and
oxygen plasma. It is concluded that surface roughness
was not a determining factor in realizing strong bonds
between the steel surface and the epoxy adhesive.

The most significant change in atomic composition
between the control sample and the prepared steel sur-
faces is the presence of carbon, where the untreated
steel has nearly twice the fraction of carbon as any of
the other samples (see Table 4). This is likely due to
contamination present on the surface which is removed
following any of the surface bond preparations. There
is a marked increase in the oxygen composition of both
substrates which received plasma activation due to oxi-
dation by the oxygen atoms generated in the discharge.
A significant change in the total metal content is
observed following treatment of the control sample.
This is likely due to buried metals being revealed
from beneath the carbon contamination. Stainless
steel functions by segregation of chromium to the sur-
face and generation of a stable layer of oxidized chro-
mium to prevent corrosion. This is indicated in the
control sample by the high fraction of chromium on
the surface compared to iron. Sanding reveals a fresh
surface with a greater concentration of iron and a low
level of oxidation. When the surface is renewed through

abrasion, this leads to a lower concentration of chro-
mium when compared to the surfaces which were
allowed to oxidize. Plasma activation of the sanded
sample oxidized the steel and increases the oxygen frac-
tion on the surface at the expense of the metallic species
on the steel surface.

The formation of chemical bonds across the interface
can greatly improve the strength and durability of
bonded materials.40 Chemical bonds such as the C-O
bonds formed during the curing of epoxies require sig-
nificant amounts of energy before they are broken and
delamination occurs.26,41,42 The contribution of these
bonds depends on both the strength of the interaction
(quality) and the total number of bonds (quantity) that
are formed. There are a large number of different oxy-
genated species present on the stainless steel surface and
many of these have an XPS peak separation of 	0.2 eV.
Resolving individual peaks this close is difficult. As a
result, the O 1s XPS spectra is analyzed by separating
it into peaks assigned for O2�, OH�, and other oxidized
(OH�)X species. The increased bond strength following
plasma activation appears to be related to the increased
concentration of hydroxyl groups at the surface of the
substrate. As seen in Table 5, the fraction of total hydro-
xyl species, OH� and (OH�)X, increases as follows: con-
trol, 31%; sanded, 36%; sanded and plasma activated,
45%; and plasma activated, 57%. This may be com-
pared to the lap shear strengths presented in Figure 11,
where they increase in order (with primer):
control, 24� 2MPa; sanded, 28� 4MPa; plasma acti-
vated, 33� 2MPa; and sanded and plasma activated,
35� 2MPa.

Analysis of the Fe 2p3/2 region supports the analysis
of the O 1s spectra. Three significant trends can be
observed in the surface chemistry of the control,
sanded, and plasma activated steel substrates. First,
the metallic iron content decrease from 61% in the con-
trol to 28% for sanded steel and 3–5% in the plasma-
activated steel. The high concentration of metallic iron
on the surface of the control sample is likely due to the
preferential oxidation of chromium, which is known to
segregate to the surface of the stainless steel. Second, it
reveals a large variation in hydroxyl group concentra-
tion, with FeOOH groups going from 4% in the control
sample to 20% in the sanded sample compared to 25%
after plasma activation. Third, the concentration of
Fe3O4 species rises from 3% in the untreated steel to
8% in the sanded steel and to 22% in the plasma-
activated steel. It should be noted that a similar com-
position of functional groups is seen in both the
plasma-activated sample and the steel prepared by
sanding and plasma activation of the surface. All
three of these trends follow along with the increase in
bond strength between the control, the sanded steel,
and the plasma-activated steel substrates.
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Additional inspection of the Cr 2p3/2 region tracks
well with the data obtained from the iron and oxygen
spectra. Both of the samples that received plasma acti-
vation exhibited a higher degree of oxidation when
compared to the control and sanded samples with the
emergence of a peak corresponding to CrO3 species. It
is noted that the samples that received plasma activa-
tion exhibit a relatively low concentration of Cr(OH)3
when compared to the control and sanded substrates.
This is the opposite of what is seen in the iron spectra
where hydroxyl groups are prevalent in the samples
that were treated with the plasma. This is likely due
to the oxidation of the Cr(OH)3 into a CrO3 state. An
interesting observation from this study is that the stain-
less steel undergoing plasma treatment maintains a high
concentration of chromium in the surface, equal to 8%.
This may be contrasted to the sanded surface, which is
only 4%. It may be that surface preparation using
atmospheric pressure plasma instead of abrasion may
improve the corrosion resistance of the stainless steel.

A 50% increase in adhesion was seen for the bonded
stainless steel coupons after plasma treatment. This
study suggests that surface composition and wetting
were the dominant factors in determining bond perform-
ance. In the CFRE samples, the bond strength was
shown to be a function of the chemical bonds formed
between the carboxylic acids on the substrate surface
and the epoxide groups in the adhesive. A similar mech-
anism is compatible with the increased bond strength
which is observed for stainless steel following plasma
activation. Direct covalent bonding between hydroxyl
groups and epoxides has been reported in previous
studies.41–43 However, mechanisms have also been pro-
posed which involve only hydrogen bonding between the
oxidized metals and epoxy resins.44,45 The formation of
these bonds provides the means by which the substrates
are joined together. Note that epoxy resin is also present
in the bond primer thus allowing this mechanism to
occur for samples bonded with primer or without
primer.46 It is not known, based on this study, whether
covalent bonding or hydrogen bonding occurs between
the adhesive and the hydroxyl groups on the stainless
steel surface. Further investigation is required to distin-
guish between these mechanisms.

The changes observed in WCA and adhesion are the
result of the formation of new chemical groups on the
stainless steel surface. In contrast to CFRE, no inter-
mediate species are generated during oxidation of the
steel surface. A consequence of this seems to be that
there is no lag between the time necessary for surface
wetting and the time required to achieve maximum
strength of the bond line. Optimization of both the
WCA and the lap shear strength occur following
approximately 10 seconds of plasma exposure. Further
analysis of the rate at which these hydroxyl groups are

generated during plasma exposure is needed to confirm
this result. It should be noted that themaximum possible
shear strength of the bonded coupons was limited by the
strength of the epoxy adhesive. The shear strength of
the epoxy film was in excess of 34.5MPa, as reported
by themanufacturer.47 Therefore, further improvements
in lap shear strength are not possible through additional
surface preparation when employing this adhesive.

The WCETs revealed that in the untreated samples,
the bond failed largely at the interface of the stainless
steel. It is also important to note that the failure
occurred in large areas in excess of 4.5 cm2 rather
than having small domains of cohesive and adhesive
failure as seen in the samples that received plasma acti-
vation or sanding with plasma treatment. The WCA
measurements indicated that the untreated steel sur-
faces were non-wetting. This resulted in an uneven dis-
tribution of bond primer on the surface when the
samples were dried and baked. The absence of bond
primer on the steel surface would be detrimental to
bond performance and will lead to degradation of the
bond line in hot and wet environments.

Examination of the bond surface after failure showed
a>95% cohesive failure of the bond line for the samples
activated with more than 10 scans with the atmospheric
pressure, helium and oxygen plasma. Cohesive failure
indicates that the bond at the interface between the
adhesive and the substrate is stronger than the adhesive
itself. Beyond this, further increases in the bond strength
could only be achieved with changes to the adhesive but
not through additional surface preparation. The sub-
strates that were sanded and activated with the He/O2

plasma were slightly improved uponwhen using only the
He/O2 plasma for activation without sanding the sur-
face, i.e. 35� 2MPa versus 33� 2MPa. Further ana-
lysis of the lap shear test results shows only small
differences between samples with bond primer and
those without. However, it is a common practice to use
bond primers, which are known to prevent corrosion
and produce more durable bonds in hot and humid con-
ditions. The results of this research cannot determine
whether bond primer is necessary or not.

Another interesting result of this work is that the
plasma-activated samples performed significantly
better than the sanded surfaces during aging of the
bonded coupons. However, there was little difference
in the performance of the plasma-activated steel and
the coupons that were sanded and plasma-activated.
This would seem to indicate that sanding of the surface
is unnecessary. However, during real world applica-
tions of this technique, many of the surfaces to be
bonded will already be shielded with paint or some
other protective film. This would require the surface
to be sanded prior to bonding in order to expose the
metal surface underneath. The results of this research
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indicated that the technique will be equally valid for use
on stainless steel surfaces that are sanded or for fresh,
solvent-cleaned stainless steel surfaces.

In order to have an impact on practical applications,
CFRE/steel laminates must be able to meet and exceed
the performance of the sheet steel currently being used.
To improve the fuel efficiency of automobiles, the steel/
CFRP laminates need to achieve a significant reduction
in the weight of the component, while maintaining the
mechanical properties of the steel. In this study, lamin-
ates exhibiting a 38% and 64% weight reduction main-
tained the mechanical properties and outward
appearance of steel panels. Consequently, the laminates
may be easily integrated into secondary structures, such
as automobile body panels, without any need to alter
auto body repair procedures, including painting, sand-
ing, and the use of putty body fillers.

There is a dramatic difference in the amount of
damage incurred in sheet steel compared to that in
the laminate panels. All of the laminates tested achieved
an order of magnitude reduction in the damage area
after impact. The data in Table 9 demonstrate that
the dent area is much more localized than in the steel
sample, and the laminates display a distinct difference
in the damage mechanism. The steel samples undergo
continuous deformation without penetration. By con-
trast, rather than deforming, the carbon fibers within
the laminate break, thereby absorbing the impact
energy. The metal-plastic composites take advantage
of the beneficial properties of both materials when com-
bined into one. Adhesive bonding has been shown to be
an effective method for joining dissimilar materials such
as metal and polymer substrates. Further research will
allow this technology to migrate into primary structural
components.

Conclusions

Atmospheric pressure, helium and oxygen plasmas are
an effective method of surface preparation of stainless
steel and CFRE composites prior to bonding.
Following 5 seconds of activation with the He/O2

plasma, the WCA of 410 stainless steel and CFRE com-
posites was reduced to <25�. A lap shear strength of
35� 2MPa was demonstrated for bonded stainless
steel/epoxy composites. WCETs revealed that the stain-
less steel bond surfaces activated with the plasma exhib-
ited >90% cohesive failure and <6.4mm crack
extension after 7 days of aging at 60�C and 98% rela-
tive humidity. Sample analysis by XPS and AFM indi-
cated that the surface composition is the primary factor
in determining bond performance.
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