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Large Enhancement of Yield Stress of Metals

by Surface Etching in Ultra-High Vacuum

M. Morinaga, Y. Murata, M. Furui and T. Wada

Department of Materials Science and Engineering,
School of Engineering, Nagoya University

Furo-cho, Chikusa-ku, Nagoya, 464-01, JAPAN

Abstract

The 0.2% yield stress was measured in an ultra-high vacuum condition with single
crystal specimens of pure Cr, pure Mo and pure Ni, and also with polycrystalline specimens
of pure Cr and Ti-6Al-4V. It was found that the removal of a thin surface oxide film by
Ar ion etching increased the 0.2% yield stress in any specimen, in particular, in pure Cr
and Ti-6Al-4V. An increasing rate of the yield stress depended largely on the type of
oxides formed on the specimen surface. There was a general tendency that it became

larger in those specimens which were coated with more stable oxide film.
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l.Introduction

Recently, it has been revealed from a variety of experiments that mechanical properties
of metallic materials are strongly dependent on the surface conditions of specimens and
on the test environments as well. For example, it is known that bee pure Nb becomes
ductile when the surface is coated with the oxide film [1]. Such surface-oxide softening
also takes place in other bcc metals such as pure Ta [2], pure Mo and pure W [3,4].
Furthermore, environmental embrittlement has been reported to occur in many intermetallic
compounds [5]. For example, TiAl [6] and FeAl [7] are brittle in air, but ductile in
vacuum. Similar results are also observed in Fe,Al [8], Co,Ti [9], Ni,Si [10] and Ni,(Si,Ti)
[11]. Even for pure Cr, the ductility is higher in wet gas atmospheres than in dry gas
atmospheres [12]. All these experimental results clearly indicate that external factors
could affect significantly the mechanical properties of metallic materials. In other words,
in order to get any intrinsic mechanical properties of them, it is necessary to control the
specimen surface state and the testing atmosphere in an ideal manner as much as possible.
For this purpose we have constructed a new apparatus suitable for measuring mechanical

properties of metals and alloys.

2.New apparatus for tensile test

This is a tensile test machine equipped with an ultra-high vacuum chamber and with
an Ar ion gun to clean the specimen surface by etching. The etching rate is about 0.08
nm/s for a SiO, plate when the gun is operated at the acceleration voltage of 2 kV. Also,
surface compositions are monitored using an Auger electron spectroscopy. The external
appearance of this apparatus is shown in Fig.1(a) and the internal view is illustrated in
Fig.1(b). Also, in Fig.2 the size is shown of the test specimen used with this apparatus.

The specimen is first set in the etching position in a vacuum chamber, and the total
system is evacuated as highly as about 107 Pa, following a standard procedure for getting
an ultra-high vacuum. Then the specimen surface is etched by an Ar ion gun. The

uniform etching in the gauge part of the test specimen is well guaranteed by use of the
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widely spread ion beams and also by the rotation of the specimen at a constant speed
during etching. Then, the specimen is moved to the tensile part. If necessary, the specimen
is heated-up at a certain test temperature up to 1273 K by conducting an electric current
through the specimen and generating the Joule heat in it. Subsequently, it is mechanically

tested employing a conventional method. The cross-head speed of the tensile machine is

variable in the range of 8.33X 10°to 1.67X 10" mm/s. In this way a nominal stress-strain

curve is obtained in an ultra-high vacuum condition for the specimen with a bare surface.
It is noted here that both the surface layer effect and the environmental effect are able to

be suppressed as low as possible in this tensile apparatus.

3.Experimental procedure
3.1. Specimen preparation

Single crystals of pure Cr and pure Ni were grown by the zone-melting method and

the Bridgman method, respectively. The growth rate was 5.56 X 10” mm/s for pure Cr and

2.78 X 10? mm/s for pure Ni. Also, a large single crystal of pure Mo was obtained in a

giant pollycrystalline specimen prepared by the stacking solidification method. The purities
of raw materials were 99.96% for Cr and 99.9% for Ni and Mo.

In addition, two polycrystalline specimens were prepared. One was the sintered pure
Cr. High purity chromium powders were sintered in a hydrogen atmosphere at about
1500 K, and then rolled into a plate of about 10 mm thickness in the temperature range of

873 to 1173 K. The density of the specimen after consolidation was about 96% of the

bulk one. Grains o/ﬁébout 100 1 m were a little elongated along the rolling direction, but a

marked preferred orientation was not normally developed in the structure [13]. The other

was a Ti-6Al-4V alloy. This was prepared by the vacuum arc remelting method,

followed by forging and rolling, and finally it was heat-treated at 978 K for 7.2 ks. The

grains were equiaxial with the average size of about 10 & m.
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All these specimens were cut into shape for tensile tests as shown in Fig.2. The

specimen surface was first polished with abrasive papers down to No0.2000 and then a

buff, dripping a solution of 1 4 m Al,O, powders in water on it. Finally, electropolishing

was further applied to every specimen using the conditions listed in Table 1 in order to

remove a work-hardened layer on the abrasive surface.

3.2. Tensile test

With these specimens tensile tests were performed at room temperature. The vacuum

in the chamber was controlled to be as low as 5X 107 Pa, and the strain rate was set to be

constant, 1.11 X 10*/s. A series of experiments was carried out using the specimens with

and without surface etching. In case of the surface etching applied to the specimen, the
acceleration voltage of the Ar ion gun was operated at 5 kV. The etching time varied
depending on the specimens, namely, it was 10.8 ks for pure Cr and pure Mo, 7.2 ks for
pure Ni and 21.6 ks for Ti-6Al-4V. The specimen surface will be etched at least by a
few hundreds nm in thickness. The surface oxide film, which will form during the
exposure of the specimen to air after electropolishing, may be as thin as the order of a
few tens nm, even though the thickness was not measured in the present experiment. It
was supposed that the surface oxide film could be probably removed completely by this
etching treatment. In fact, the Auger electron signal which was taken from pure Ni in the

course of etching, scarcely varied with the etching time after 600 s.

4. Results
4.1. Pure Cr

The nominal stress-strain curve for single crystal pure Cr is shown in Fig.3 together
with the Auger electron data taken from etched and non-etched specimens. The crystal
orientation was determined by the X-ray back-reflection Laue method and shown in a

stereographic projection in the figure. Both the etched and non-etched specimens had the
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same crystal orientation, since they were cut carefully from the same crystal bar by
employing the same cutting procedure. Similar specimen-prepapration was also done for
the other single crystals, pure Ni and pure Mo.

From Fig.3(b) and (c), it was apparent that the etching reduced the O and C signals,
but instead enhanced the Cr signals. This clearly indicates that a thin oxide film as well
as the other contaminant layer existing on the surface was possibly removed by the Ar
ion etching. However, a small Ar peak was observed due to the introduction of Ar ions
into the specimen by etching.

From the nominal stress-strain curves shown in Fig.3(a), it was evident that the
surface etching enhanced the 0.2% yield stress remarkably. The respective values of the
0.2% yield stress are listed in Table 2. As shown in Fig.4, this was also true in case of
the sintered pure Cr, even though the nominal stress-strain curve was quite different from
that of the single crystal pure Cr.

Single crystals fractured in a ductile manner, while showing a necking before
breaking. In fact, as shown in Fig.5 (a) and (b), the fracture surface was elliptical and the
area was larger in the etched specimen than in the non-etched specimen. On the other
hand, the sintered Cr specimens fractured in a brittle manner, irrespective of the surface

etching, as shown in Fig.5 (c) and (d).

4.2. Pure Mo

The results for the single crystal pure Mo are shown in Fig.6. The surface etching
caused the increase in the Mo signal, but still there were the O and the C signals
remaining in the Auger electron data. However, these may be interpreted as due to the
signals from the impurites existing intrinsically in the bulk specimen, but not from the
surface.

As shown in Fig.6(a) and Table 2, the 0.2% yield stress of pure Mo increased slightly
by the surface etching. Also, the nominal stress-strain curves exhibited a continuous

stress drop due to the necking of the specimens.
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4.3. Pure Ni

The results are shown in Fig.7 for the single crystal pure Ni. The necking phenomenon
was also observed in the nominal stress-strain curves. From the Auger electron data
shown in Fig.7(b) it was apparent that the specimen surface became clean by etching.

However, as shown in Fig.7(a) and Table 2, there was a very small change in the 0.2%

yield stress with etching.

4.4. Ti-6Al-4V

The results are shown in Fig.8 for the polycrystalline Ti-6Al-4V. The Ar signal was
observed after etching, but there was the large increase in the Ti, Al and V signals with
the attendant decrease in the O and C signals in the Auger electron data. Therefore, it
was supposed that the surface was cleaned by etching. From the nominal stress-strain

curve shown in Fig.8(a), it was found that the 0.2% yield stress increased considerably by

etching.

5. Discussion

5.1. Increase in the 0.2% yield stress by etching and its correlation with the free energy of

formation of oxides

As summarized in Table 2, for every material the 0.2% yield stress increased by
removing the surface film by etching. Here, the increasingrate, A 0y/ 0y, was defined
as,

oy(etched) — oy(non — etched)
oy(etched) .

Aoyl/oy =

where 0 y(etched) and o y(non-etched) are 0.2% yield stresses of etched and non-etched

specimens, respectively. This value, A 0y/0y, was remarkably large in pure Cr and

Ti-6Al-4V, but small in pure Ni. The change in pure Mo was intermediate between them.
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This trend appeared irrespective of single crystals or polycrystals. Also, it seemed to be

independent of the crystal structure, since pure Cr and pure Mo have a bcc structure,

whereas pure Ni has a fcc structure and Ti-6A1-4V has a mixed structure of bee Ti (8

-Ti) and hep Ti (a-Ti). Also, as explained earlier, surface etching introduced Ar ions

into every specimen. However, this effect on the yield stress will be small, as might be
expected from the present result of pure Ni, showing a very small change in the yield
stress even after the Ar ion etching.

In order to understand this phenomenon for the increase in the 0.2% yield stress by

etching, we first referred to an Ellingham diagram, which shows the free energy of

formation of metal oxides, AG, as illustrated in Fig.9. When compared this AG with

the present results, it was seen that there was a general trend that the 0.2% yield stress

changed more largely by etching in those metals and alloys (e.g., pure Cr, Ti-6A1-4V)

which possessed the lower AG. In fact, when compared the A G value among the single
crystal pure metals, it changes in the order, Cr,0, < MoO, < NiO. This order was
consistent with the order of the increasing rate of 0.2% yield stress, Cr > Mo > Ni. Thus,
the increase in the yield stress depends strongly on the type of the oxide film formed on
the surface. Also, it is now evident that a thin surface oxide layer (or oxide-like layer)

formed even after electropolishing affects the 0.2% yield stress of metals and alloys.

5.2. Effect of surface oxide layer on the 0.2% yield stress

It is known that the existence of oxide layers on the surface of bcc pure Nb, Mo, Ta
and W could lower the 0.2% yield stress [1-4]. This lowering of the yield stress (i.e., the
so-called softening) may be interpreted as due to the generation of mobile dislocations
near the metal interface with the oxide film. The elastic stress, originating from the
mismatch of the lattice parameters between them, probably assists for dislocations to be

generated in the metal interface [1], even though the detailed mechanism is still unknown.
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It is stressed here that such a softening mechanism is operating more or less in any
metal and alloy systems, as confirmed in the present experiment. In particular, it will
work dominantly in the systems containing oxide-forming elements, where the oxide film
is formed readily on the metal surface and induced a large elastic stress at the interface
between the metal and the oxide. For such metal systems the yield stresses reported in

previous investigations are probably underestimated, as far as tensile tests have been

performed in a conventional way.

6. Conclusion

It is concluded that yield stresses of bulk metals and alloys are sensitive to the
existence of thin oxide or oxide-like films on the surface. The intrinsic yield stresses of
most metals and alloys are probably higher than the reported values which have been
obtained by a conventional mechanical test in air using the specimens coated with some

oxide films.

Acknowledgments

The authors would like to express sincere thanks to Professor T. Mori of the Tokyo
Institute of Technology for his helpful discussion on the present result. We also acknowledge
Prof. H. Mori of Osaka University for the use of a zone-melting equipment for single-crystal
growth of pure Cr, Dr. Fujine of Daido Steel Co. Ltd., for providing us a large single
crystal ingot of pure Mo, Dr. K. Kuroda of Sumitomo Metal Co. Ltd., for providing us a
Ti-6Al-4V alloy, and Dr. T. Sakaki of Tosoh Co. Ltd., for providing us sintered Cr with
high purity. We are also indebted to Mr. Matsumoto of Sakae Seiki Co. Ltd., and Mr. K.
Kubo of Mitsubishi Heavy Ind. Co. Ltd., for their help in cutting specimens for tensile
tests. This research was supported by the Grant-in-Aid for Scientific Research from the

Ministry of Education, Science and Culture of Japan.

22



References

1. V. K. Sethi and R. Gibala, Acta Met., 25, 321 (1977).

2. V. K. Serhi and R. Gibala, Scripta Metall., 9, 527 (1975).

3. J. E. Talia, L. Fernandez and R. Gibala, Scripta Metall., 12, 737 (1978).
. T. Tottori, J. E. Talia and R. Gibala, Scripta Metall., 14, 1153 (1980).

I

N. S. Stoloff, J. Metals, 40(12), 23 (1988).

C.T.Liuand Y. W. Kim, Scripta Metall. et Mater., 27, 599 (1992).

C.T. Liu, E. H. Lee and C. G. McKamey, Scripta Metall., 23, 875 (1989).
C.T. Liu, C. G. McKamey and E. H. Lee, Scripta Metall., 24, 385 (1990).

© ® N o W

T. Takasugi and O. Izumi, Scripta Metall., 19, 903 (1985).

10. C. T. Liu and W. C. Oliver, Scripta Metall. et Mater., 33, 661 (1995).

11. C. L. Ma, T. Takasugi and S. Hanada, Scripta Metall. et Mater., 32,1025 (1995).

12. T. Nambu, J. Fukumori, M. Morinaga, Y. Matsumoto and T. Sakaki, Scripta Metall.
et Mater., 32, 407 (1995).

13. M. Morinaga, T. Nambu, J. Fukumori, M. Kato, T. Sakaki, Y. Matsumoto, Y. Torisaka

and M. Horihata, J. Mater. Sci., 30, 1105 (1995).

23



e

Arion gun

Specimen rotation device Auger electron spectroscope
Tensile test
NI equipment
o} IR N
|} —
Motor L
Bjas s
RN SRR ST
Ti sublimation
pump !
; N Ar
[ ]
. N\ —
L e
1 I/ \
/ Turbo molecular
Rotary pump pump

Fig.1 (a)Schematic illustration of ultra-high vacuum tensile test machine,



Y4

Manipulator

Fig.1

Ar ion gun

Auger electron spectroscope

1 Auger electrons

(b)internal view of test machine with an ultra-high vacuum chamber and a tensile test eduipment.



9¢

A
Y

A

¢ 6

Fig.2 Size of specimen used for the ultra-high vacuum tensile test.



(a)

250 T 0n-etched DA
o - —-etched
A& 200 )
Z 011
7
g 150
N
.g 100
5
Zz 50
OO 0.1 02 03 04 05 06 07 038

Nominal Strain
(b)

non-etched

dN(E)/dE

Cricr
0 200 400 600 800 1000
Kinetic Energy/eV

Fig.3 (a)Nominal stress-strain curves and (b)Auger electron spectra from etched and

non- etched single crystal pure Cr.
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Table 1 Conditions for eleétropolishing of specimens.

Specimen Electrolyte VA(;(E;};r(a\t,i)o n Time(s)
Pure Cr | Jg iy crochionc acid > 15
Ti-6A1-4V alloy | O perchloric acid 20 10




99

Table 2 A list of the yield stresses obtained in the present experiment.

Specimen

Surface condition

0.2% yield stress

Increasing rate in

(MPa) 0.2% yield stress(%)

non-etched 147

Single crystal pure Cr 13
S CySp etched 169

-etched

Sintered pure Cr o 222 11
etched 250
) non-etched 810

Ti-6Al-4V alloy 8
etched 880
) non-etched 247

Single crystal pure Mo 5
etched 260
non-etched 141

Single crystal pure Ni 2
gle ey P etched 144




