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The effect of methods of surface treatment of metal
elements on their surface free energy, with a view to the
formation of polymer—-metal hybrid elements
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Abstract: An analysis was made of methods of chemical surface treatment of metal elements made of
DCO04 steel and Al6061 alloy, for the formation of polymer—metal joints in injection molding technol-
ogy. The surface characterization included determination of surface free energy (SFE) by the OWRK
(Owens-Wendt-Rabel-Kaelble) method, and determination of its polar and dispersive components.
Depending on the chemical treatment applied, the highest values of the polar constant for DC04 and
Al6061 sheets were 26.4 and 39.2 mJ/m?, respectively, the highest values of the dispersion constant were
55.6 and 53.5 mJ/m?, respectively, for DC04 and Al6061 sheets. In the case of the surfaces of sheets made
of the Al6061 alloy, the increase in the polar component value was most favorably influenced by the
etching with 15% NaOH solution for 5 minutes, and the increase in the dispersive component — by the
etching with 15% NaOH solution with the addition of thiourea for 2 minutes. In the case of the surface
of DCO04 sheets, the increase of the polar component was most favorably influenced by chemical cleaning
for 10 minutes (in a solution with the composition: Na,CO, 50 g/mol, Na,PO, x 12 H,0 50 g/mol, NaOH
50 g/mol). The highest value of the dispersive component of the surface DC04 sheets was obtained after
etching with 15% HCI solution with the addition of thiourea for 5 minutes.

Keywords: surface free energy (SFE), polymer-metal hybrid elements, polymer—-metal interface, injec-
tion molding.

Wplyw metod przygotowania powierzchni elementéw metalowych na ich
swobodna energie powierzchniowa w aspekcie wytwarzania elementow
hybrydowych typu polimer-metal

Streszczenie: Analizowano wptyw sposobu obrobki chemicznej powierzchni na wtasciwosci adhe-
zyjne elementéw metalowych (blach) wykonanych ze stali DC04 oraz ze stopu Al6061, przeznaczonych
do wytwarzania potaczen polimer-metal w technologii wtryskiwania. Charakterystyka powierzchni
obejmowata wyznaczenie swobodnej energii powierzchniowej (SEP) metoda OWRK (Owens-Wendt-
Rabel i Kaelble) oraz jej sktadowych polarnej i dyspersyjnej. W zaleznosci od zastosowanej obrdbki
chemicznej najwigksze wartosci sktadowej polarnej SEP blach wykonanych ze stali DC04 oraz stopu
Al6061 wyniosty, odpowiednio, 26,4 oraz 39,2 mJ/m? natomiast najwigksze wartosci sktadowej dys-
persyjnej, odpowiednio, 55,6 oraz 53,5 mJ/m* W wypadku powierzchni blach ze stopu Al6061 na
zwiekszenie wartosci statej polarnej najkorzystniej wptyneto trawienie 15% roztworem NaOH przez
5 minut, natomiast na zwiekszenie statej dyspersyjnej — trawienie 15% roztworem NaOH z dodatkiem
tiomocznika przez 2 minuty. W wypadku powierzchni blach wykonanych ze stali DC04 na zwigkszenie
statej polarnej najwyrazniej wptyneto oczyszczanie chemiczne przez 10 minut (w roztworze o skladzie:
Na,CO, 50 g/mol, Na,PO, x 12 H,0O 50 g/mol, NaOH 50 g/mol). Najwieksza wartos¢ statej dyspersyjnej
powierzchni blach ze stali DC04 uzyskano po trawieniu 15% roztworem HCl z dodatkiem tiomocznika
przez 5 minut.

Stowa kluczowe: swobodna energia powierzchniowa (SEP), hybrydowe elementy polimer-metal, po-
wierzchnia miedzyfazowa polimer-metal, technologia wtryskiwania.
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The rapid development of the automotive and aviation
industries has brought about a need to produce elements
with relatively low mass and high mechanical strength
[1-3]. The use of elements of high specific strength,
understood as the relation of mechanical strength (N/m?)
to specific gravity (N/m?), leads to reduced fuel consump-
tion, and thereby also limits greenhouse gas emissions.
If the mass of a car is reduced by 100 kg, approximately
0.7 liters of fuel will be saved every 100 km. Reductions in
fuel consumption can be achieved by the use in the con-
struction of land vehicles and aircraft of polymeric com-
posite materials [4] and polymer—-metal hybrid composite
elements, which are usually produced by injection mold-
ing [5-8]. Injection molding technology enables the pro-
duction of relatively complex hybrid elements through
the joining of a metal element to a polymer in an injection
process over a single technological cycle [9]. To improve
the adhesion of the polymer to the metal element, various
methods of surface treatment are applied: chemical or
electrochemical treatment of the outer layer of the metal
[8], laser structuring of the surface of metal elements to
produce roughness enabling the mechanical anchoring
of the injected polymer [10], or the use of an intermediate
coupling layer [11].

When a joint is made between two different materi-
als, an important phenomenon is the adhesion occurring
between them, a measure of which is the work of adhe-
sion. The work of adhesion is defined by M. Zenkiewicz
[12] as the work done against the forces of adhesion being the
sum of all intermolecular interactions, required to create a unit
of separation surface between two phases being in equilibrium,
in the course of a reversible thermal process. This is equiva-
lent to the work that needs to be done in order to separate
the adhering bodies. There exist several theories setting
out the essential characteristics of work of adhesion, one
of them being the theory of Owens and Wendt. Based on
research carried out by Fowkes, Owens and Wendt deter-
mined a formula for the work of adhesion [ Eq. (1)], which
is based on the effects of dispersive interactions as well as
polar interactions: induced, orientational, hydrogen bond
and acid-base [13, 14]:

W, =21yly; + 2y (1)

where: yf — the disperi,ive component of the surface
free energy of the solid, vy, — the dispersive component of
the surface free energy of the liquid, Y’ — the polar com-
ponent of the surface free energy of the solid, and y, — the
polar component of the surface free energy of the liquid.

Further, following Zenkiewicz’s account, the surface
free energy is the work required to create a unit of new surface
in the course of the separation of two phases being in equilib-
rium, in a reversible isothermal process [12]. It is given by the
following Eq. (2) [15]:
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where: y — the surface free energy, W - the work needed
to create the surface, and S — the created surface area.

Assuming that a drop of measuring liquid placed on
a flat surface is in equilibrium, the surface free energy
can be calculated from Young’s Eq. (3) [16]:

Yo=Y T+ Y, c0s6
m
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where v, — the surface free energy of the solid, v,, -
the surface free energy of the solid-liquid interface, v, —
the surface free energy of the liquid, and O — the contact
angle.

The surface free energy (SFE) is equal in value to the
surface tension, but it has a different dimension (unit).
It is dependent on the geometrical structure and certain
physical properties of the materials [12].

Muhammad Akram et al. [17] investigated the surface
free energy of elements made of plasma-activated poly-
imide to evaluate their adhesive properties in joints with
titanium elements. Activation of the polyimide surfaces
with plasma increased the contribution of the polar com-
ponent from 36.46 to 54.41 mJ/m?, and the value of the SFE
rose from 56.71 to 72.64 m]/m?, while the shear strength
of the adhesive joints increased from 0.23 to 3.38 MPa.
Depending on the method used to determine the con-
tact angle and SFE and on the measuring liquids used,
the values of the polar and dispersive components may
vary [18, 19]. Methods for determining contact angle
include, among others, the bubble method, the geometrical
method, and direct measurement [15]. Methods for deter-
mining SFE include Fowkes’” method, the Owens-Wendt-
Rabel-Kaelble (OWRK) method, the van Oss—Chauhury-
Good method, and Neumann’s method [20, 21]. Example
mean SFE values for the ceramic shells investigated in [20],
where contact angles were determined using Wilhelmy
plates, were 34.86 mJ/m? in the case of the OWRK method
and 37.70 mJ/m? in the case of Fowkes” method. When con-
tact angles were determined by the sessile drop technique,
the respective SFE values were 36.82 and 40.07 mJ/m?.

Adhesive properties may be evaluated using tradi-
tional measuring liquids [22, 23]; alternatively, in the case
of polymer—metal joints, the wettability of the surface of
the metal element may be analyzed directly by applying
drops of liquid polymer. Xiping Li et al. [24] conducted
tests, in a nitrogen atmosphere, to determine how the
temperature of an aluminum alloy mold insert affected
the contact angle of polypropylene. They found that when
the temperature of the metal element was increased from
170°C to 210°C, the contact angle of polypropylene on the
surface was reduced by over 50%.

In the present work, it was investigated how the method
of preparing the surface of metal elements affects the SFE
and the values of the polar and dispersive components.

In the experiments, the surfaces of the metal elements
were prepared, the contact angles were measured using
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Fig. 1. Block diagram of methods of surface preparation of elements made of DC04 steel (labels of corresponding series of samples

are given in parentheses)
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Fig. 2. Block diagram of methods of surface preparation of elements made of A16061 alloy (labels of corresponding series of samples
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selected measuring liquids, and the surface free energy (1+ cosB)o
was determined. — = crf 4
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Materials

Surface free energy (SFE) was investigated using ele-
ments made of DC04 steel (cold-formed, low-carbon
structural steel sheet) with the composition C < 0.08%,
Mn £0.4%, P <0.03%, S <0.03% [25], and elements made
of Al6061 aluminum alloy, with the composition Mg =
0.80-1.20%, Mn < 0.15%, Fe < 0.70%, Si = 0.40-0.80%, Cu =
0.15-0.40%, Zn < 0.25%, Cr =0.04-0.35%, Ti < 0.15%, others
<0.05%, others total < 0.15%, remainder Al [26].

Methods of surface preparation

For both types of metal elements, three methods of sur-
face preparation were tested:

I - degreasing in organic solvents;

II - degreasing in organic solvents followed by chemi-
cal degreasing;

III - degreasing in organic solvents followed by chem-
ical degreasing and chemical treatment by pickling
(Figs. 1 and 2).

The surface treatment processes were carried out at
room temperature, using aqueous solutions of selected
chemical reagents. Samples were rinsed with deionized
water following chemical degreasing and after the pick-
ling processes. In the case of DC04 steel samples, after
pickling they were neutralized with ammonia solution
before being rinsed with deionized water.

Methods of testing

Contact angles were measured with a goniometer
from Kruss HMT GmbH, using the sessile drop tech-
nique. Four measuring liquids were used (Table 1): dis-
tilled water, diilodomethane, ethylene glycol, formamide
[27-29].

Knowing the contact angles, the surface free energy
(SFE) was computed by the OWRK (Owens-Wendt-
Rabel-Kaelble) method. This takes account of the dis-
persion and polar constants of surface free energy, and
requires solving Eq. (4) for a given measuring liquid:

where: 0 — the contact angle, o, — the surface free
energy of the liquid, 0 — the dlsperswe component of
the surface free energy of the liquid, 0 —the polar com-
ponent of the surface free energy of the solid, 0 — the
polar component of the surface free energy of the hquid,
and o - the dispersive component of the surface free
energy of the solid.

For each liquid, the values x and y were determined,
and respective diagrams were constructed on that basis.
To determine values between points a trend line was used,
which indicated the values m and b, namely the polar and
dispersive components of the surface free energy.

RESULTS AND DISCUSSION

Figures 3 and 4 show bar charts of the surface free
energy (SFE), broken down into polar and dispersive
components.

For both types of metal elements (those made from
DCO04 steel and those made from Al6061 alloy) the high-
est values of the dispersive component were obtained for
surfaces prepared by pickling with the addition of a cor-
rosion inhibitor (thiourea). For the Al6061 elements the
dispersion constant was 53.5 mJ/m?, while for the steel
elements it was 55.6 mJ/m?. Values of the polar constant
were found to be relatively low (in comparison with the
other results), amounting to 21.3 mJ/m? for elements made
of Al6061 alloy, and 8.6 mJ/m? for those made of DC04
steel.

Analyzing the remaining surface treatment methods,
for the Al6061 alloy elements, relatively high values of
the dispersion constant were also found following treat-
ments OC10 and OC5 (chemical degreasing for 10 and
5 minutes) and for surfaces that had been pickled in a 15%
solution of NaOH for 2 minutes. These values were above
50.0 mJ/m?. A longer time of pickling in alkaline solutions
led to a reduction in the value of the dispersion constant
(to below 40.0 mJ/m?). Pickling in 15% solutions of phos-
phoric acid resulted in dispersion constants in the range
46.9-48.8 mJ/m?2. For the steel elements, an increase in the
dispersion constant was observed following all pickling

Table 1. Surface tensions of liquids and their components [27-29]

Parameter Distilled water Diiodomethane Ethylene glycol Formamide
Dispersive component, mJ/m? 199 474 30.1 23.5
Polar component, mJ/m? 52.2 2.6 18.2 334
Surface tension, mJ/m? 72.1 50 477 56.9
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Fig. 3. Effect of surface treatment of metal elements made of A16061 alloy on their surface free energy
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Fig. 4. Effect of surface treatment of metal elements made of DC04 steel on their surface free energy

treatments (in 15% solution of hydrochloric acid or phos-
phoric acid). However, only in the case of pickling for
2 minutes in 15% hydrochloric acid was the value of the
polar constant also relatively low.

CONCLUSIONS

A reduction in the value of the polar constant, accom-
panied by an increase in the dispersion constant, favors
improved adhesion at the polymer—metal interface. In
hybrid systems, the injected polymer has a mainly non-
polar structure (in contrast to the surface of the metal ele-
ments), which hinders mutual interaction at the interface
between the two materials and reduces their adhesion. It
is therefore appropriate to apply surface treatments with
the aim of reducing the polar constant of the surface of
metal elements used as mold inserts in polymer—metal
hybrid systems.

In this study, the highest values of the dispersion con-
stant were obtained following chemical treatment using
thiourea as a corrosion inhibitor. The high dispersion
constant of the metal element surfaces can be expected
to provide a suitable environment for the formation of
joints with polymers having low surface energy, such as
polyolefins. Analogously, joints with polymers conta-
ining polar groups in their structure, such as polyamides,
should be made using metal surfaces with an increased
contribution of the polar constant.

This work was conducted under research project no. 2016/21/B/
5T8/03152, “Evaluation of the process of constitution of a joint
at a metal-polymer interface using flow markers and the meth-
ods of active infrared thermography, holographic vibrometry and
shearography”, funded by the National Science Centre in Krakdw
and carried out jointly by Poznan University of Technology and
Wroclaw University of Science and Technology.
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