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Abstract
Dual-frequency ultrasonic cleaning with a diluted phosphoric acid solution was developed to remove oxide scales on surfaces of
hot-stamped parts from uncoated steel sheets, and conventional shot blasting processes are omitted. The removal of the oxide
scale by ultrasonic cleaning is accelerated by the phosphoric acid solution and the dual frequency. The removing time for the
phosphoric acid solution was shorter than that for a hydrochloric acid solution, and rust appearing for leaving after cleaning was
prevented by generating an iron phosphate layer. In dual-frequency ultrasonic cleaning with the diluted phosphoric acid solution,
the oxide scale was dissolved, and then the oxide scales were exfoliated from the thin scale and high-pressure portions. The
removing time decreased with decreasing pH and oxide scale thickness and with increasing solution temperature. The surface
roughness and distortion of an ultrasonic-cleaned hot-stamped part were smaller than those for shot blasting, and the weldability
and paintability were similar. The oxide scale of a hot-stamped part having a nonuniform distribution of oxide scale thickness was
successfully removed by dual-frequency ultrasonic cleaning with the diluted phosphoric acid solution.
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1 Introduction

For lightweighting and high crash safety of automobiles, the
application of ultrahigh-strength steel parts is useful [1]. In
cold stamping of ultrahigh-strength steel sheets, large spring
back [2], low formability [3], and low tool life [4] are prob-
lematic. To avoid these problems, ultrahigh-strength steel
parts having a tensile strength of about 1500 MPa are com-
monly produced by hot stamping of quenchable steel sheets
[5]. The sheets are heated to about 900 °C to be transformed

into austenite, then are formed, and are die-quenched to be
transformed into hard martensite. By heating the sheets, the
forming load becomes small, and the ductility is improved.
Furthermore, the spring back is considerably reduced by die
quenching until a temperature below the martensite finish one
[6].

To prevent the oxidation at high temperatures, Al-Si-coated
steel sheets are mostly utilized for hot stamping [7]. In the Al-
Si-coated sheets, slow heating of about 5 min is required to
generate intermetallic compound layers for preventing the ox-
idation of surfaces. The length of the furnace becomes consid-
erably long, 20–50 m, and increases with increasing shots per
minute for presses. Although zinc-coated steel sheets are also
used to prevent the oxidation in hot stamping, it is necessary
that the heated zinc is appropriately solidified to prevent
cracking induced by the liquid-metal embrittlement, and thus
the productivity is low as well as the Al-Si-coated sheets [8].
To reduce the area of the furnace, compact multichamber fur-
naces with piled heating chambers were developed [9]. It is
not easy to apply rapid heating such as resistance heating [10]
and induction heating [11] to the Al-Si- and zinc-coated
sheets. The weldability of hot-stamped parts from the coated
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sheets is not high. Particularly in projection welding of nuts,
bolts, and positioning pins joined to the hot-stamped parts,
welding spatter and failures are likely to occur because of
the high electrical resistance and strength of the coating layer
[12].

In uncoated steel sheets, the heating time is short, because
only the austenite transformation is necessary without the tem-
perature control of the coating layers. However, the uncoated
sheets are considerably oxidized by heating to about 900 °C
for the martensite transformation [13]. The oxidation is con-
siderably decreased by a protective atmosphere such as nitro-
gen [14]. Since the hydrogen-induced embrittlement is prob-
lematic for the ultrahigh-strength steel parts [15], the nitrogen
atmosphere has another advantage of the reduction in hydro-
gen diffusion at high temperatures. To prevent the oxidation
of the uncoated sheets, Nano-X [16] and an oxidation preven-
tive oil [17] were developed. The oxide scale of the hot-
stamped parts from the uncoated sheets is generally removed
by shot blasting to stabilize welding and painting [18]. In shot-
blasted parts, not only rough surface but also distortion of thin
parts is caused. Uncoating is suitable for development of new
steel sheets such as 1800 MPa sheets [19], 2000 MPa sheets
[20], and medium manganese sheets [21].

Ultrasonic cleaning is to remove contaminants adhering to
metals, plastics, glass, and ceramics by means of cavitation
bubbles [22]. In ultrasonic cleaning, a reentrant jet is generat-
ed by the collapse of the cavitation bubble and high-pressure
acts on the surfaces of parts to be cleaned [23]. Goode et al.
[24] applied ultrasonic cleaning using a diluted hydrochloric
acid solution to remove the oxide scales of hot-rolled steel
sheets. Maeno et al. [25] removed the oxide scales of hot-
stamped uncoated steel sheets with ultrasonic cleaning using
the diluted hydrochloric acid solution. Although the hydro-
chloric acid solution is effective in removing the oxide scale
of steel, health and environmental problems are caused by the
corrosive fog.

The phosphoric acid is widely used for surface treatments
of steels. The zinc phosphate/stearate coatings are commonly
employed for the lubrication in cold forging of steels under
high pressure [26], and the paintability of electrodeposition
coating is also improved [27]. The black phosphate coating
with a thick layer and fine grains has high corrosion resistance
[28]. The phosphoric acid has a rust conversion function for
generating a proper painting layer by reaction with iron oxides
[29] and has a function for removing oxide scales on steel
surfaces [30]. The safety of the phosphoric acid is higher than
that of the hydrochloric acid, and the dissolution rate of the
oxide scale of steel for the diluted phosphoric acid is higher
than that for the diluted hydrochloric acid [31].

In this paper, dual-frequency ultrasonic cleaning with a
diluted phosphoric acid solution was developed to remove
the oxide scale of uncoated steel sheets in hot stamping. The
effects of dual-frequency ultrasonic cleaning and the

phosphoric acid solution on the removal of the oxide scale
were evaluated.

2 Ultrasonic cleaning with diluted phosphoric
acid solution for removing oxide scale
of hot-stamped parts

2.1 Dual-frequency ultrasonic cleaning

The oxide scales on surfaces of hot-stamped parts from un-
coated steel sheets are removed by ultrasonic cleaning with a
diluted phosphoric acid solution. The removal of the oxide
scale by ultrasonic cleaning is accelerated by the phosphoric
acid solution. In ultrasonic cleaning, the pressure acting on
surfaces of a cleaned part becomes nonuniform [32], and thus
the time for removing the whole scales increases. To reduce
the removing time, dual-frequency ultrasonic cleaning was
employed, as shown in Fig. 1. In conventional single-
frequency ultrasonic cleaning, the pressure distribution de-
pends on the wavelength of the ultrasonic wave because of
the standing wave. The wavelength is calculated by dividing
the velocity of the ultrasonic wave by the frequency. In the
antinode portions located every half of the wavelength, the
removing efficiency is high due to the high pressure, whereas
the efficiency in the node portions is low due to the low pres-
sure [33]. Although the cavitation effect is large for a low
frequency [34], the pressure nonuniformity becomes remark-
able. The tendency for a high frequency is opposite. In dual-
frequency ultrasonic cleaning mixing the low and high fre-
quencies, the standing wave is avoided, and in addition, the
cavitation effect is enhanced in comparison with single-
frequency ultrasonic cleaning [34]. The effect of dual-
frequency ultrasonic cleaning on the removal of the oxide
scale was examined.

2.2 Procedure of ultrasonic cleaning

The conditions of ultrasonic cleaning with the diluted phos-
phoric acid solution are given in Fig. 2. Each transducer os-
cillates at both low frequency of 28 kHz and high frequency of
75 kHz and has a function for adjusting the percentage of the
two frequencies. The low frequency percentage f is defined by

f ¼ PL= PL þ PHð Þ; ð1Þ
where PL is the power of the low frequency and PH is the
power of the high frequency. The total power of the two fre-
quencies of the equipment was fixed at 300 W. The power of
the low frequency was limited to 150W; i.e., the low frequen-
cy percentage ranges between 0 and 50%. The phosphoric
acid was diluted with water to pH 1 and 2. The temperatures
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of the solution and water were 40 °C. The width and length of
the cleaned specimens were both 50 mm. Water cleaning and
observation with the naked eye were repeated every 0.5 min of
ultrasonic cleaning until the oxide scale was completely
removed.

2.3 Specimen used for ultrasonic cleaning

Uncoated 22MnB5 steel sheets having a thickness of 1.6 mm
were heated in a furnace keeping a temperature of 930 °C for
170 s. The heated sheets were transferred from the furnace for
about 10 s and were die-quenched between upper and lower
flat dies under a contact pressure of 10 MPa for 20 s without
forming. Since the martensite transformation for the 22MnB5
sheets occurs for a cooling rate above 30 °C/s and the time
during die quenching is very short, the effect of the cooling
rate on the oxidation is small. The degree of oxidation in
furnace heating was reduced by fuel-rich combustion [35].
The Vickers hardness of the quenched sheets was about 510
HV1. The specimens were laser-cut from the quenched sheet.
The surface and the cross section near the surface of the spec-
imen are shown in Fig. 3. The oxide scale was almost uni-
formly formed on both surfaces of the specimen. The oxide
scale thickness was about 5 μm and was comparatively thin
due to the fuel-rich combustion.

3 Results of ultrasonic cleaning
of hot-stamped sheets

3.1 Effect of diluted phosphoric acid solution

The effect of the diluted phosphoric acid solution on the re-
moval of the oxide scale was examined from a comparison
with a diluted hydrochloric acid solution. The temperatures of
both solutions were 40 °C. The removing times t for the phos-
phoric and hydrochloric acid solutions for pH 1 and 2 and the
single high frequency of f = 0% are shown in Fig. 4. The
removing time is the time for completely removing the oxide
scale. The removing time for pH 2 is longer than that for pH 1,
and the oxide scale was not completely removed for 60min by
the hydrochloric acid solution of pH 2. The removing time for
the phosphoric acid solution is shorter than that for the hydro-
chloric acid solution. Although the removing time decreases
with increasing solution temperature, the temperature for the
hydrochloric acid solution is limited below 40 °C because of
remarkable evaporation. For the phosphoric acid solution, the
applicable temperature is higher due to nonvolatility.

To examine the effect of the phosphoric and hydrochloric
acids on the corrosion, the ultrasonic-cleaned specimens for
pH 1 and f = 0% shown in Fig. 4 were left without water
cleaning for 5 min, as shown in Fig. 5. The red rust appeared
on the surface of the specimen for the hydrochloric acid,

Fig. 1 Ultrasonic waves in a
single- and b dual-frequencies ul-
trasonic cleaning

Fig. 2 Conditions of ultrasonic
cleaning with diluted phosphoric
acid solution. a Front view. b Top
view
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whereas no rust appeared for the phosphoric acid due to the
formation of an iron phosphate layer on the surface [30]. The
phosphoric acid has a function for preventing the occurrence
of the rust. It was found that the phosphoric acid solution is
more useful to remove the oxide scale of the hot-stamped parts
than the hydrochloric acid solution.

3.2 Effect of dual-frequency ultrasonic cleaning

The removing behaviors of the oxide scale during ultrasonic
cleaning with the diluted phosphoric acid solution were taken
with an underwater camera, as shown in Fig. 6. Bubbles in-
duced by ultrasonic cleaning are shown, because the photo-
graphs were taken with the underwater camera. For the single
high frequency of f = 0%, the oxide scale is nonuniformly
removed by the nonuniform pressure distribution, and thus

the removing time becomes longer, t = 3 min. By mixing the
low and high frequencies for f = 50%, the nonuniformity of
the pressure distribution is improved, and the removing time is
largely shortened to t = 1 min.

The relationships between the removing time and the low
frequency percentage for pH 1 and 2 are illustrated in Fig. 7.
The removing time sharply decreases with increasing low fre-
quency percentage and is almost constant above f = 17%.

Although the dissolution rate for the phosphoric acid solu-
tion increases with increasing temperature [36], the cavitation
intensity decreases with increasing temperature [37]. To ex-
amine the effect of the cleaning solution temperature on the
removing time, the solution temperature was varied between
25 and 60 °C. The relationships between the removing time
and the solution temperature for pH 1 and 2 and f = 50% are
shown in Fig. 8. As the solution temperature increases, the
removing time decreases. The removing time for pH 1 is sat-
urated above a solution temperature of 40 °C.

3.3 Effect of oxide scale thickness

To examine the effect of the oxide scale thickness on the
removal of the oxide scale, resistance heating and furnace
heating without fuel-rich combustion were added. Uncoated
22MnB5 steel sheets having a thickness of 0.8 mm were

Fig. 3 a Surface and b cross
section near surface of specimen

Fig. 4 Removing times for phosphoric and hydrochloric acid solutions
for pH 1 and 2 and f = 0%

Fig. 5 Ultrasonic-cleaned specimens with a phosphoric and b
hydrochloric acid solutions of pH 1 left without water cleaning for 5 min
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resistance-heated to 915 °C for 12.5 s. The sheets having a
thickness of 1.6 mm were heated in a furnace keeping a tem-
perature of 930 °C for 180 s. The hardness of the quenched
sheets for resistance and furnace heating was about 540 and
500 HV1, respectively. The cross sections near the surface of
the specimens by resistance heating and furnace heating with-
out fuel-rich combustion are shown in Fig. 9. The oxide scale
thicknesses for resistance heating and furnace heating without
fuel-rich combustion were about 13 and 41 μm, respectively,
and are thicker than that for furnace heating with fuel-rich
combustion shown in Fig. 3.

The oxide scales of the specimens by resistance heating
and furnace heating without fuel-rich combustion were

removed by ultrasonic cleaning with the diluted phosphoric
acid solution, as shown in Fig. 10. The removing times are
longer than that for furnace heating with fuel-rich combustion
shown in Fig. 6.

The relationships between the removing time and the oxide
scale thickness for pH 1 and f = 0 and 50% are given in
Fig. 11. The results for resistance heating and furnace
heating with and without fuel-rich combustion are used.
The removing time increases with increasing oxide scale
thickness. The increase in removing time is considerably
relieved by the dual frequency of f = 50%.

Fig. 6 Removing behaviors of oxide scale during single- and dual-frequencies ultrasonic cleaning for pH 1 and f = a 0 and b 50%

Fig. 7 Relationships between removing time and low frequency
percentage for pH 1 and 2

Fig. 8 Relationships between removing time and solution temperature for
pH 1 and 2 and f = 50%

1231Int J Adv Manuf Technol (2022) 118:1227–1238



4 Results of ultrasonic cleaning
of hot-stamped part

Dual-frequency ultrasonic cleaning with the diluted phospho-
ric acid solution was applied to remove the oxide scale of a
hot-stamped part. An uncoated 22MnB5 steel sheet having a
thickness of 1.0 mm was heated in a furnace keeping a

temperature of 930 °C for 240 s. The heated sheet was trans-
ferred to forming dies for about 10 s and was hot-stamped into
a door impact beam. The degree of oxidation in furnace
heating was reduced by fuel-rich combustion. The door im-
pact beam was cut to a length of 50 mm, and the hardness was
about 500 HV1. The cut door impact beam and the distribu-
tion of oxide scale thickness are given in Fig. 12. The cut door
impact beamwas placed in the position of the specimen in Fig.
2 with the flanges down. Although the whole surface of the
hot-stamped part is oxidized, the distribution of oxide scale
thickness is nonuniform due to forming. In the flat portions of
A, E, and I, the oxide scale thickness is about 10 μm, and the
difference between the upper and lower surfaces is small.
Around the corners of B, D, F, and H, the oxide scale thick-
ness of the inside is thicker than that of the outside due to the
compressive deformation.

The removing behavior of the oxide scale of the cut door
impact beam for pH 1 and f = 50% is shown in Fig. 13. The
time for completely removing the oxide scales in the inside
corners, middle bottom, and sidewalls becomes longer. The
removing time for pH 1 and f = 50% was t = 1.5 min, whereas
that for pH 1 and f = 0% was t = 3 min.

Fig. 9 Cross sections near surface
of specimens by a resistance
heating and b furnace heating
without fuel-rich combustion

Fig. 10 Removing behaviors of
oxide scale of specimens by a
resistance heating and b furnace
heating without fuel-rich com-
bustion for pH 1 and f = 50%

Fig. 11 Relationships between removing time and oxide scale thickness
for pH 1 and f = 0 and 50%
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The surface and the change in angle of the outer side-
wall of the door impact beam for ultrasonic cleaning for
pH 1 and f = 50% are compared with those for shot
blasting in Fig. 14. The surface for ultrasonic cleaning is
smoother than that for shot blasting, and the change in
angle is smaller.

5 Discussion

5.1 Removing mechanism of oxide scale

The removing mechanism of the oxide scale by dual-
frequency ultrasonic cleaning with the diluted phosphoric acid

Fig. 12 a Cut door impact beam and b distribution of oxide scale thickness

Fig. 13 Removing behavior of
oxide scale of cut door impact
beam for pH 1 and f = 50%. a
Lower view. b Lower side view

Fig. 14 a Surfaces and b changes
in angle of outer sidewall of door
impact beam for ultrasonic
cleaning for pH 1 and f = 50% and
shot blasting
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solution was investigated. The effects of dual-frequency ultra-
sonic cleaning and the phosphoric acid solution on the remov-
ing behaviors of the oxide scale are shown in Fig. 15. Without
ultrasonic cleaning, the removing timewas t = 6.5 min, where-
as the oxide scale could not be completely removed even for
30 min without the phosphoric acid; i.e., the effect of the
phosphoric acid solution is larger than that of dual-frequency
ultrasonic cleaning.

The relationship between the area percentage of the oxide
scale and the cleaning time is given in Fig. 16. In only ultra-
sonic cleaning without the phosphoric acid solution, the oxide
scale is gradually removed by the high pressure, whereas the
complete removal is not attained. On the other hand, in only
the phosphoric acid solution without ultrasonic cleaning, the
oxide scale is mainly dissolved in the early stage of cleaning
because of the small reduction in the area percentage,
and then the removal is accelerated. The synergy effect
of dual-frequency ultrasonic cleaning and the phosphoric
acid solution on the removal of the oxide scale becomes
remarkable.

The removing mechanism of the oxide scale in dual-
frequency ultrasonic cleaning with the diluted phosphoric acid
solution is illustrated in Fig. 17. In the early stage of cleaning,
the dissolution of the oxide scale by the phosphoric acid so-
lution and the acceleration of the dissolution by ultrasonic
cleaning occur, and thus the oxide scale thickness decreases.
Then, the oxide scales are exfoliated from the thin scale and
high-pressure portions. In addition, the exfoliation starts from
defects such as cracks and pores caused in the oxide scale
during hot stamping [38]. The oxide scale is completely re-
moved by both dissolution and exfoliation.

5.2 Evaluation of weldability and paintability

To evaluate the weldability of the ultrasonic-cleaned sheets,
hot-stamped 22MnB5 steel sheets from uncoated sheets hav-
ing a thickness of 1.6 mm were resistance-spot welded with
uncoated 980 MPa ultrahigh-strength steel sheets having a
thickness of 1.6 mm, as shown in Fig. 18. The current was
9.1 kA, the passing time was 0.5 s, and the electrode force was
3.7 kN. The welded sheets were laser-cut to 100 and 30mm in
the length and width, respectively.

The nugget diameters for ultrasonic cleaning for pH 1 and f
= 50%, shot blasting, and no removal of the oxide scale are
given in Fig. 19. Although the nugget diameters for the three
conditions are similar, the variation for no removal of the
oxide scale is large.

Fig. 15 Removing behaviors of
oxide scale for a pH 1 and f =
50%, b pH 1 and without
ultrasonic cleaning, and c water
and f = 50%

Fig. 16 Relationship between area percentage of oxide scale and cleaning
time
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The maximum loads in the tension shearing test of the
resistance-spot welded sheets for ultrasonic cleaning for pH
1 and f = 50%, shot blasting, and no removal of the oxide scale
are shown in Fig. 20. The maximum loads for ultrasonic
cleaning and shot blasting are almost similar, and the failures
of the weld are pullout modes. On the other hand, the maxi-
mum load for no removal of the oxide scale is small, and the
interfacial failure of the weld is caused.

The paintability of electrodeposition coating for the
ultrasonic-cleaned sheets was evaluated from the crosscut
and salt spray tests. Hot-stamped 22MnB5 steel sheets from
uncoated sheets were electrodeposition-coated after ultrasonic
cleaning and shot blasting. In the crosscut test, the painted
surface was cut into a 10 × 10 grid by a cutter, and the cut
painted surface was peeled with an adhesive tape. In the salt
spray test, the painted surface was cut into a cross by the
cutter, and the cut surface was corroded under a salt spray
environment of 5% NaCl at 35 °C for 480 h. The results of
the crosscut and salt spray tests of the electrodeposition-
coated sheets for ultrasonic cleaning for pH 1 and f = 50%
and shot blasting are shown in Fig. 21. No flaked coating was
detached from the crosscut tests for ultrasonic cleaning and
shot blasting. In the salt spray test, no obvious blister and
delamination of the coating around the cut portions were

observed for both ultrasonic cleaning and shot blasting. It
was found that the weldability and paintability for ultrasonic
cleaning are similar to those for shot blasting.

5.3 Diffused hydrogen

Since the hot-stamped parts have a tensile strength of about
1500 MPa, the risk of the hydrogen-induced embrittlement is
high. The amount of hydrogen diffused by dual-frequency
ultrasonic cleaning with the diluted phosphoric acid solution
was measured by a thermal desorption spectroscopy. The re-
lationship between the amount of hydrogen and the cleaning
time is illustrated in Fig. 22. The amount of hydrogen for pH 1
is larger than that for pH 2, and the amount for ultrasonic
cleaning with water is almost constant. Although the amount
of hydrogen with the phosphoric acid solution increases with
increasing cleaning time, the amount is comparatively small.
The solution of pH 1 is effective rather than that of pH 2 due to
the short removing time.

Fig. 17 Removing mechanism of oxide scale in dual-frequency ultrasonic cleaning with diluted phosphoric acid solution. a Before cleaning. b Early
stage. c Intermediate stage. d Final stage

Fig. 18 Conditions of resistance-spot welding of hot-stamped 22MnB5
and 980 MPa steel sheets

Fig. 19 Nugget diameters for ultrasonic cleaning for pH 1 and f = 50%,
shot blasting, and no removal of oxide scale
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6 Conclusions

Hot stamping of uncoated steel sheets has the advantages of a
short heating time and low material cost. Although the oxide
scale formed in hot stamping of the uncoated sheets is gener-
ally removed by shot blasting to attain high weldability and
paintability, produced parts have rough surface and distortion.
In the present study, dual-frequency ultrasonic cleaning with
the diluted phosphoric acid solution was developed to remove
the oxide scale of the uncoated sheets in hot stamping, and the
obtained results are summarized as follows:

1) The time for completely removing the oxide scale is
greatly shortened by the dual frequency of ultrasonic
cleaning with the diluted phosphoric acid solution.

2) The dissolution of the oxide scale by the phosphoric acid
solution and the acceleration of the dissolution by ultra-
sonic cleaning early occur, and the oxide scales are exfo-
liated from the thin scale and high-pressure portions.

3) The removing time becomes shorter with decreasing pH
and oxide scale thickness and with increasing solution
temperature.

4) The surface roughness and distortion of the ultrasonic-
cleaned hot-stamped part are improved in comparison
with shot blasting, and the weldability and paintability
are similar.

5) The removing time for the phosphoric acid solution is
shorter than that for the hydrochloric acid solution, and
rust of the ultrasonic-cleaned parts is prevented.

The developed process is to mix the mechanical treatment
of dual-frequency ultrasonic cleaning and the chemical treat-
ment of the phosphoric acid solution, and the synergy effect of
the two treatments attains. The removal of the oxide scale is
accelerated by the dissolution using the acid and the exfolia-
tion using the pressure. Since the hot-stamped parts are gen-
erally cleaned before electrodeposition coating, conventional
shot blasting processes can be omitted by replacing conven-
tional cleaning processes with the present ultrasonic cleaning

Fig. 20 Maximum loads in
tension shearing test of resistance-
spot welded sheets for ultrasonic
cleaning for pH 1 and f = 50%,
shot blasting, and no removal of
oxide scale

Fig. 21 The results of a crosscut and b salt spray tests of electrodeposition-coated sheets for ultrasonic cleaning for pH 1 and f = 50% and shot blasting

Fig. 22 Relationship between amount of hydrogen and cleaning time
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process. Although the present process was developed to re-
move the oxide scale of the uncoated sheets in hot stamping, it
is applicable to remove oxide scales of hot-forged parts,
welded parts, etc. The dual frequency is attractive in height-
ening cleaning functions.
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