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H13 die steel was implanted with tungsten using a metal vapour vacuum arc (MEVVA) ion source. When the

pulsed beam current density of tungsten ions increased to 6mA-cm™

2| some voids appeared in the high voltage electron

microscope (HVEM) micrograph, which would disappear at an annealing temperature of 600°C. HVEM and x-ray

diffraction were used for observing the phase structure of the annealed and un-annealed H13 steel after the steel was

implanted. Results of wear and hardness tests indicated that whether the voids appear significantly influences the

hardness and wear of H13 steel. Reasons for the formation of voids and the relation between the surface mechanical

property and voids are discussed in terms of collision theory.
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1. Introduction

Ton implantation is a method for modifying
the surface composition and microstructure of ma-
terials so as to improve the wear and corrosion
resistance.!=4 Since the development of high cur-
rent metal ion sources such as metal vapour vacuum
arc (MEVVA), the metallurgical ion implantation of
metal species has been emerging as a potentially af-
fordable technique for civil application.’~7) One of
the key issues for successful accomplishment of in-
dustrial applications should be the selection of ion
species and the optimization of their implantation
parameter.[5=13] The higher the ion current density
is, the shorter the implantation time for reaching cer-
tain implantation dose. However, it is not too clear
how a high ion current density influences implantation
effect. In this paper, we study the tribological change
of W-implanted H13 steel depending on variation in
W ion current density. We found that voids induced
by tungsten ion implantation at high ion current den-
sity could increase the hardness and wear of H13 steel.

The voids were found to disappear at an annealing

temperature of 600°C, which improves the wear resis-
tance of the implanted H13 steel. In addition, the re-
lationship between surface mechanical properties and

microstructure is discussed.

2.Experimental methods

The samples were made from hot extruded
die steel H13 (0.36wt%C, 5.7wt%Cr, 1.6wt%Mo,
1.1wt%V, 0.8wt%Si, 0.2wt%Mn) in the form of square
discs of 12mmx12mm x1.5 mm (thick samples for
tribology testing) and 12mmx12mm x0.1 mm (thin
samples for high voltage electron microscope (HVEM)
experiments). All of the samples were polished to a
metallographic finish and quenched at 1050°C for an
hour and then annealed at 500°C for an hour before
ion implantation. A MEVVA source can produce mul-
ticharge state ions. The percentages of the tungsten
ions with 1 to 5 elementary charges measured by a
time of flight were 6%, 40%, 36%, 13% and 5%, re-
spectively. The tungsten ions were implanted into
H13 steel at an acceleration voltage of 30kV, corre-
sponding to an average ion energy of about 8lkeV

since the average charge state of tungsten ions mea-
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sured was about 2.7. The pulsed beam flux of W ion

was between 0.3 and 6mA-cm™2.

The dose of tung-
sten ions was 1x10'7cm~2. During the implantation,
the samples were fixed on a water-jacketed iron plate
in a vacuum chamber to keep their temperature be-
low 200°C. The hardness was measured by a Vickers
hardness sclerometer with a load of 2.5g. A pin-on-
disc apparatus with a pin was used for wear testing

at a velocity of 16mm-s~1.

The applied normal load
of wear testing was 20g. The wear tests were contin-
ued to 800 circles. The average maximal depth (D),
the average width (W) and S(= D x W/2) of wear
tracks were measured by an optical interference mi-
croscope. Since all the experiment conditions were the
same for the unimplanted steel and implanted steel,
the S of wear tracks are directly proportional to the
wear rate. The surface compositions of implanted lay-
ers were measured by Rutherford backscattering spec-
trum (RBS). For the RBS measurement, 2.0MeV al-
pha particles were normally incident onto the samples,
with the backscattering ions being detected at an an-
gle of 165°. X ray diffraction (XRD) and HVEM were
used for observing the phase structure of the annealed
and un-annealed samples after ion implantation. XRD
measurements were carried out on a Rigaku D/max-
RB diffractometer, with the grazing incidence geome-
try, using Cu Ka radiation. The incident x-ray beam
is 5° with respect to the sample surface. Specimens
for HVEM at 1MV were prepared by ion milling from
the unimplanted side. First the samples were observed
in HVEM at room temperature (RT). Then the spec-
imen with voids was heated up to 600°C step by step
in HVEM. During the heating process we looked at

the screen to observe the change of morphology in the

(b)

same area of the thin film and took a bright field im-
age and its diffraction pattern. To avoid the effect of
electron irradiation the area chosen to take a bright
field image and its diffraction pattern was moved out

of the observation screen during the heating process.
3. Experimental results and dis-

cussions
3.1. HVEM results

The microstructure of the unimplanted sample
as shown by HVEM has a martensite structure, and
the electron diffraction pattern was made up of a-
Fe diffraction spots due to big crystal grains of H13
steel (Fig.1(a)). A highly dense uniform damage layer
appeared in the HVEM micrograph instead of the
martensite structure after implantation at a pulsed
ion beam flux of 0.3A-cm~2. The electron diffraction
pattern showed widened diffraction rings correspond-
ing to a-Fe (Fig.1(b)).

dotted weak rings corresponding to tungsten carbide

In addition, there were some

(WC) in the electron diffraction pattern, in accord
with the corresponding XRD results. When the pulsed
ion beam current density increased to 6mA-cm™2,
some voids with a diameter of about 30nm appeared
on the HVEM micrograph and the electron diffrac-
tion pattern showed diffuse diffraction halo-rings cor-
responding to a-Fe, which implied that an amorphous
zone had formed (Fig.1(c)). Meanwhile, the dotted
rings corresponding to WC hardly appeared in this
case. The diameters of the voids were not changed
at annealing temperature lower than 200°C. However,
the voids disappeared when the annealing tempera-

ture rose to 600 °C and held for 20 minutes. (Fig.1(d))

(c) (d)
Fig.1. HVEM images and diffraction patterns of the implanted and unimplanted steel. (a)-unimplanted
(RT), (b)-0.3 mA-cm~2(RT), (c)-6mA-cm™2(RT), (d)-6mA-cm~2(600°C annealing).
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3.2. XRD analysis

The XRD spectrum from the unimplanted H13
steel sample is given in Fig.2(a). There were two peaks
in the XRD spectrum. The spectrum was the same as

that of the pure Fe in spite of Cr concentration of
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Fig.2. The XRD of implanted and unimplanted steel a-
unimplanted (RT), b-0.3 mA-cm~2 (RT), c-6mA-cm~2 (600°C

annealing).

5.7 wt% in H13 steel according to PDF card. The
XRD spectrum of the sample tungsten implanted at
0.3mA-cm~?2 is shown in Fig.2(b). It can be seen
from Fig.2(b) that the diffraction peaks of WC could
be detected, though the intensity of the diffraction
peaks was much lower than that of the Fe (110)
peak. The XRD spectrum from H13 steel implanted

2 was quite similar to that of the unim-

at 6mA-cm™
planted one, while annealing made the peaks belong-
The Miller

indices of the peaks from the unimplanted and im-

ing to WC to appear again (Fig.2(c)).

planted steel are marked in Fig.2.
3.3. Wear resistance measurement

For wear testing, interferograms of wear tracks of
implanted and unimplanted H13 steel were obtained
The hard-

ness was measured by a Vickers hardness sclerometer.

with an optical interference microscope.

Table 1 shows these measured results.

Table 1. The values S and hardness of implanted and unimplanted H13 steel.

sample ion current density Hardness S Target Annealing
/(mA-cm~2) /(kg:mm™2) /(10~*mm?) temperature/°C temperature/°C
a (unimplanted) 550 3.8 RT
b 0.3 750 1.6 150 RT
c 6 1150 4.1 180 RT
d 6 850 2.6 180 600

This indicated that tungsten ion implantation
could obviously improve the wear resistance of the im-
planted samples when the ion current density of W
ion implantation was 0.3 mA-cm~2, while the wear
would increase when the ion current density rose to
6mA-cm~2. In addition, annealing could improve the
wear resistance of the sample implanted at the ion

current density of 6mA-cm™2.

Besides the value of
S, ion implantation dramatically altered the texture
of wear tracks in dry sliding. Some debris-like plates
could be observed in the unimplanted track. The track
of implanted sample showed very little damage when
ion current density was 0.3 mA-cm~2. From these re-
sults, it could be considered that the wear mode of
the tungsten-implanted sample was in a plough mode
in 800 circles because the track was only made up of
shallow and narrow grooves. The unimplanted sample
has already been in a shearing mode when wear tests
were continued to 800 circles because some debris-
like “plates” have appeared in the unimplanted track.
Obviously tungsten ion implantation could make the

shearing wear of the steel to be delayed when the

ion current density of implantation was 0.3 mA.cm™2.

Bigger debris than that on the unimplanted track ap-
peared on the corresponding track when the pulsed

ion beam current density increased to 6mA.cm™2.

3.4. RBS analysis

The concentration depth profiles of tungsten
atoms in H13 steel were obtained from RBS (Fig.3).
They were different from the distribution of monoen-
ergetic incident ion in steel at a low dose, probably
owing much to diffusion and the higher percentage of
It could be

shown that the maximum percentage concentration

ions with 2 and 5 elementary charges.

of tungsten atoms was about 10% for the tungsten
ion implantation. Because of sputtering, the position
of tungsten maximal concentration was near the sur-
face of the implanted samples. The retained dose was
much bigger than what is calculated by normal colli-
sion theory'¥ due to beam heating, high beam flux
and radiation enhanced diffusion. The thickness of the
implanted layer for the implantation, in which relative

atomic concentration was greater than 4%, was twice
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that calculated by normal collision theory.['*] The
thickness of the modification layer was about 1 pym be-
cause the thickness of the modification layer is usually
10 times greater than that of the implanted one.!'9]
The W concentration depth distributions in the un-
annealed H13 steel ,which had been implanted at the

2, was not shown be-

ion current density of 6mA-cm™
cause there would be great error in the concentration
depth profiles from RBS due to the existence of the

voids.
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Fig.3. W concentration depth profile in H13 steel.

3.5. Discussion

Although further quantitative analysis is needed,
a qualitative understanding of the contribution of ion
implantation to hardening can be provided by the
HVEM, XRD, RBS and collision theory. A W ion
is much heavier than a Fe atom. When a W ion
with an energy lower than 100keV strikes the atoms of
H13 steel, a nonlinear cascade collision will result and
may produce a corresponding melting zone in the steel
which is usually referred to as a “spike”.[116] The melt-
ing zone was then considered to cool via thermal con-
duction to the surroundings and crystallization was

considered feasible. The melting zone may become

The H13

steel with amorphous surface may reduce the shearing

amorphous due to fast cooling velocity.

wear and improve the wear resistance of the implanted
steel.l! Further, the melting zone may even be boiled
away because a new particle (ion or recoiled atom)
may pass through it at a higher ion current density
during re-crystallization. Therefore, a void may form
as the relic of the spike quenching. Once a void has
formed, a W ion implanted subsequently can implant
deeper while the surface concentration of implanted
ions would decrease. Although the void formed may
increase the strain of the implanted layer and hard-
ness, it can become the source of some crackle, make
wear debris form and deteriorate the wear resistance of
the implanted steel. The annealing at 600°C can make
the voids disappear and decrease sources of crackle,
which will improve the wear resistance of the H13
steel. Many studies did not discover the void form-

ing due to using lower ion current density usually.

4. Conclusions

Tungsten ion implantation at 30kV, correspond-
ing to the average ion energy of about 81keV, can
improve the wear resistance of H13 steel significantly
when the ion current density of W ion implantation
was 0.3mA-cm™2.

Voids induced by ion implantation can increase
hardness and wear of H13 steel at a high ion current
density at 6mA-cm~2. The annealing at 600°C can
make the voids disappear and improve its wear resis-

tance after H13 steel was implanted.
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