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In situ laser irradiation of WC-Co hard metals
inside a scanning electron microscope
Part 2 Behaviour of the cobalt binder
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Cemented carbides with higher binder contents were irradiated with a CO,-pulse laser within
a SEM to investigate the structural development in more detail. The decisive medium is the
melting binder which dissolves the refractory carbide phase. In this way a superficial layer of
an oversaturated solid solution with highly dispersed secondary carbides is produced. At
higher pulse numbers a periodic structure is engraved in the surface by local evaporation as
result of a self-amplifying resonance phenomenon.

1. Introduction

Part 1 [1] of this work was dealing with general
features of laser surface modification of WC-Co hard
metals investigated inside a scanning electron micro-
scope (SEM). Samples with 6wt % Co binder and
different surface states (as-received from sintering,
ground and mechanically polished) were studied.
Based on the analysed irradiation conditions (reflec-
tion coefficient of the polished sample, pulse energy,
temporal and spatial pulse shape) an approximated
calculation of the temperature ficld was given. The
maximum surface temperature of about 2100°C was
higher than the melting temperature of the cobalt
binder phase (7, = 1350°C) but below the melting
point of WC (T, = 2700° C). This suggests a certain
relationship to the processes in liquid phase sintering
which uses the lower melting binder for densification
of the refractory phase. Powder metallurgical produc-
tion of these materials involves the following stages of
sintering [2]: (1) Partial dissolution of tungsten and
carbon in cobalt in the solid state between 1000 and
1350° C; (2) lowering of the melting point of the cobalt
phase (from 1450°C to about 1350°C) by sub-
stitutional and interstitial alloying; (3) melting of the
cobalt alloy at 1350° C; (4) intense solution and repre-
cipitation of the solved components as WC due to the
temperature-dependent solubility.

The investigation presented in Part 1 supported the
statement that structural modifications by laser pro-
cessing and by liquid phase sintering are based on the
same mechanism: under irradiation with a maximum
surface temperature of about 2100° C the transforma-
tion of the surface layer is not caused by direct melting
of the carbide phase but by progressive solution of the
carbides in the binder melt. Hence the liquid fraction
increases, in this way improving the coupling con-
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ditions with the laser beam. Due to self-quenching
under pulse irradiation the oversaturated solution
remains frozen in.

In order to study the role of the cobalt binder in
more detail the laser irradiation was performed on
WC-Co hard metals with a large binder fraction of
32vol %. The structural development as a result of
successive laser pulses was followed by direct SEM
investigation during irradiation as well as by detailed
investigation of the final state by the aid of different
electron microscopic methods.

2. Experimental conditions

The investigated hard metal was produced along the
usual powder metallurgical lines by liquid phase sin-
tering. It contains WC grains of mean crystal size 1 to
2um and 20wt % Co (corresponding to 32vol %). In
this part of our work only polished surfaces (mean
surface roughness 0.1 um) were irradiated inside a
scanning electron microscope MREM-100 with a CO,
laser model 143 under the same conditions as in [1].
The angle of incidence was chosen as 45°. The pulse
energy and the maximum power density were 24.2 mJ
and 160 MW cm 2 respectively. The pressure inside
the sample chamber amounted to about 10~°torr. The
CO, laser was working in TEMy,-mode, polarized
perpendicular to the plane of incidence. The measure-
ments of pulse energy, as well as temporal and spatial
pulse shape, were discussed previously [1].

Besides the SEM in situ techniques, further experi-
mental methods were applied. The element distri-
bution was investigated by EPMA (Electron Probe
Micro-Analysis). Special SEM and TEM replica
techniques were used for studying the surface relief.
Furthermore, a new ion beam slope cutting technique,
developed by Hauffe [3, 4], was applied in order
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Figyre 1 SEM micrograph of a polished surface of a WC-20wt % Co hard metal, demonstrating the microstructural changes by laser
irradiation; (a) initia] state, (b) 500 pulses, (c) 1000 pulses, (d) 3000 pulses.

to produce a cross section through a near surface
area of the sample: part of the surface is shielded
from the tilted (45°) ion beam, which results in a
sloping cut. This technique offers the advantage
that the slope is free from mechanical deformations. It
is smooth, and because of the high sharpness of the
produced edge the structural details in the edge region
can be seen simultaneously from the original surface
and from the cut. Thus a very good impression of
the three-dimensional structure of the sample is
achieved.

3. Formation of the melt layer

The initial state of the irradiated surface is shown in
Fig. 1a. The hexagonal WC grains appear as bright
areas and the cobalt binder phase as dark regions
between them. With the irradiation conditions used
the first laser pulses only led to a surface cleaning,
without any surface modifications as it was previously
seen on samples with 6wt % Co [1]. After 50 pulses
steps with a bright topographic contrast may be
observed at some interfaces between WC grains and
the surrounding cobalt binder phase. This topo-
graphic image contrast is caused by small binder walls
at the WC grains, which appear when molten cobalt
binder is starting to creep over the WC grains, because
of the excellent wetting of WC by the liquid cobalt
binder phase. This process is stopped by resolidifica-

tion at the end of the laser pulse. With increasing
number of laser pulses the number of these walls also
increases. They act as starting points for successive
creep of the cobalt binder over the WC grains, cover-
ing them more and more (compare Fig. 1b and ¢).
Concerning the binder regions, two tendencies are
visible in these figures. (1) Due to displacement of
binder material towards the carbide grain surfaces,
these regions become at first shallow depressions
and, finally, deep holes. (2) With increasing fraction
of molten material on the surface, these holes are
narrowed and the polygonal boundaries change into
circular ones. Beginning with the smaller binder
regions and the corresponding smaller holes, they are
completely eliminated with increasing number of laser
pulses. Finally, the spot centre is covered by a con-
tinuous nearly pore-free film (see Fig. 1d), whereas the
holes are concentrated at the less irradiated margin of
the laser spot. In the beginning the layer is very thin,
being transparent for the electron beam of 20kV,
which means a thickness of about 0.1 um or less. The
polygonal WC boundaries nearly buried under the
drop-like shell of molten material become partially
visible again under the even film. These steps in the
development of the melt layer are summarized in the
scheme given in Fig. 2.

The increasing fraction of material, which is trans-
formed via the liquid state is essentially produced by
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Figure 2 Scheme of the development of the covering melt layer. (a)
Section through the WC-Co hard metal with the original polished
surface. (b) Start of binder creep over the free carbide surface
forming binder walls on the grains and cavities in the binder regions.
(c) Complete covering of the surface with a melt layer. (d) Intense
carbide dissolution in the melt layer leading to an extended, but flat
transformed layer with high WC content.

the progressive dissolution of tungsten carbide in the
melt. This essential fact, already stated in [1] shall be
discussed in more detail on the basis of the binary
section Co-WC of Co-W-C phase diagram (Fig. 3)
[5]. A large miscibility gap exists between the fcc
Co-rich mixed crystal and the hexagonal «-WC.
The solubility of cobalt in tungsten carbide can be
neglected. The solubility limit of tungsten in cobalt lies
at about 10at% at the eutectic temperature of
1350°C. It varies strongly with carbon content (in
the limiting cases between <lat% in equilibrium
with graphite and 18 at % for the carbon-free case) [6].
The temperature field in the surface region was
calculated with the approximations discussed in [1],
especially without considering any phase transform-
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ations. However, the latent heat consumed during the
melting process does not strongly influence the energy
balance. As a conservative estimation the depth
h of molten binder can be taken from these calcu-
lations as about 1um. With the heat of fusion
Qco = 2.4kJem ™ for cobalt and considering the
binder volume fraction / = 0.3, the latent heat yields
the amount g, fhQc, = 0.07Jem ™2 or 3% com-
pared with the total absorbed energy density of
2.2Jecm ™2 Due to the higher binder fraction the ab-
sorption coefficient (10%), density (13.8 gem™?), spe-
cific heat (230 Wsec kg~'K~'") and the thermal con-
ductivity (60 W K ~'m™") of the hard metal differ from
those discussed in [1] for a binder volume fraction of
10%. Although, these changes almost cancel each
other out, such that nearly the same temperature dis-
tribution is realized, especially the peak temperature
on the surface deviates only by some per cent. It is
about 2200° C, well above the binder melting point of
1350° C. With the onset of the liquid phase the dis-
solution of the carbide is very accelerated as it is
known from liquid phase sintering. From growth
kinetics of the carbide grains during liquid phase sin-
tering of WC-Co via Ostwald-ripening, it was con-
cluded that the dissolution process of WC in liquid
cobalt is reaction controlled with an activation energy
of 586kJmol~" [7]. The dissolution rate is approx-
imatively given by [8]

dny /di = K(T){co(T) — (]

where ny denotes the number of W-atoms solved
in the binder, ¢ is the corresponding concentration
¢ = ny/(hy + ng,), and c(T) is the equilibrium con-
centration of the melt in contact with WC at tem-
perature 7. The time dependence of the surface
temperature T(r), of the equilibrium concentration
cw(?) and of the rate constant k(f) are represented
in Fig. 4 together with an estimation of the result-
ing mean tungsten concentration cy () in the melt.
Due to the very fast temperature change of order
10~°K ', the tungsten content will remain behind the
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Figure 4 Time dependence of surface temperature
klky 1(t), rate constant k(¢), equilibrium tungsten con-
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equilibrium concentration except for the highest tem-
peratures where the reaction rate is sufficiently high.
Hence, an oversaturated solid solution will be solidi-
fied at the eutectic temperature together with highly
dispersed tungsten carbide grains. These fine crytalline
WC precipitates are directly visible by SEM-replica
and especially by higher resolving TEM-replica micro-
graphs for WC-Co (Fig. 5). For the next laser pulses
this picture must be modified because the fine WC
particles have a much larger solution pressure corres-
ponding to replacement of the equilibrium concentra-
tion ¢, by cyexp(20V,,/rRT), where o denotes the
surface tension, r the particle radius and V,, the
mole volume. At the same time the rate constant is
increased in proportion to the enlarged surface area.
These effects stimulate the dissolution process and
lead to a rising fraction of material included in the
melt. X-ray examination shows that independent of
the markedly enlarged melt fraction the ratio of
phases with the cobalt and with the WC structure
before and after laser irradiation is not much changed.
This fact proves the high tungsten and carbon content
in the melt, crystallizing to tungsten carbide during
cooling.

These processes are furthermore influenced by the
rise of the absorption coefficient due to the changing
surface state, by transition to the liquid phase and
by binder ailoying. It this way the absorptance is
increased during one pulse by the melt process and
with increasing pulse number.

4. Development of periodic structure

The transient existence of a liquid layer causes the
development of linear periodic structures with
increasing pulse numbers. This can best be seen at
lower magnifications where the whole spot may be
comprehended (Fig. 6, compare with the detailed
illustration in Fig. 2). Between 1000 and 3000 pulses

(Fig. 6a,b) the visible spot area, i.e. the region where
superficial melting proceeds, extends markedly. The
advanced binder film formation after 3000 pulses is
accompanied by a weak periodic structure of the film
at the border of the spot (Fig. 6b). This structure is
aligned perpendicular to the projection of the incident
laser beam on the surface. A similar phenomenon was
observed for the irradiation with unpolarized light
pulses from a neodymium-glass laser for cemented
carbides [9] and other materials. Notwithstanding the
significant alterations of surface topology in the cen-
tre, the structure in the outer regions is not much
changed even in the immediate neighbourhood of the
periodic ripples, as it can be seen from the invariance
of pores and of elements of the primary weak structure
(compare Fig. 6b and c¢). The ripple region lies
asymmetrically displaced along the beam direction. It
is sharply bounded especially at its back part, but the
periodicity continues beyond the spot boundaries as a
weakly visible contrast. Continued laser irradiation
leads to further extension of the rippled region
(Fig. 6d) over the prevailing part of the spot. A
thorough comparison shows that the position of the
ripples has not changed, which proved the static
nature of these patterns. At the same time the destruc-
tion of the ordered surface relief by intensified melting
(already indicated in Fig. 6¢ in the irradiation centre)
proceeds, transforming the periodic structure to an
irregular roughness (Fig. 6e).

The formation of such periodic structures by the
action of intense laser light was already observed in
the early days of laser investigation [10]. This
phenomenon was studied with growing interest from
its theoretical foundations and for a series of relatively
homogeneous materials as metals, semiconductors
and glasses (for a review see [11]). The investigation of
these effects in strongly heterogeneous materials as
cemented carbides, to our knowledge first represented
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in this paper, allows a more detailed investigation of
the structural changes leading to the periodic surface
modulation by means of the intrinsic small-scaled
structural marks.

For understanding of the formation of the regular
surface pattern, it is useful to consider the statistical
roughness as a superposition of sinusoidal com-
ponents of different wavelength (corresponding to the
spatial Fourier spectrum). The electromagnetic sur-
face wave, which is induced by the incident laser light
on the electrically conducting material, is modified by
interference of the partial waves scattered from the
periodic surface roughness. The resulting amplitude
achieves a sharp maximum for in-phase superposition,
i.e. if the roughness periodicity fulfills certain reson-
ance conditions. If there exists any kind of positive
feedback of field modulation to surface roughness,
this resonance mode will be extraordinarily amplified,

and in the competition with the other Fourier com-
ponents it will be selected as the only dominating
mode. For such a roughness enlarging mechanism,
evaporation processes have been proposed [11].

In the current experiments the laser beam was
polarized perpendicularly to the plane of incidence.
In this case, for optimum wave enhancement the nor-
mal direction of the ripple patterns should be per-
pendicular to the plane of incidence (parallel to the
electrical force) and the distance d of the ripples
should satisfy the relation d = A/cos @ with 0 the angle
of incidence [11]. Both conditions are strictly fulfilled
for the periodic structure reproduced in Fig. 6 to
Fig. 9. The correct orientation is obvious from the
orthogonality to the primary weak structure marking
the beam direction. The distance d between the ripples
follows from Fig. 8 or Fig. 9 as d = 13 um, which is
consistent with the theoretical value d = A/cos
45° = 15.0 um, if the experimental uncertainty of
magnification factor and angular adjustment of the
sample are considered. (The deviating distance 10 ym
on the in situ micrographs in Fig. 6 is caused by the
projection on the tilted plane of electronmicroscopical
image).

On the first view the clearly visible continuation of
the periodic pattern outside the molten area seems to
be a surprising effect. The cause is the modulated
surface wave mentioned above which transmits elec-
tromagnetic energy behind the irradiated zone and
converts it there into a fluctuating temperature field
synchronously with the inducing periodic roughness
inside the spot [12, 13]. Fixing and visibleness of these
relatively low temperature fluctuations in the
electronmicroscopic image seems to be of the same
kind as the bright border around the spot which is
attributed to some temperature induced decontamina-
tion stimulating the secondary electron emission. This
seems to be the first image of the outrunning surface
wave, the existence of which was proved by calorime-
tric measurements [14].

Figure 5 (a) SEM and (b) TEM-replica micrograph showing the fine
dispersed precipitates of secondary carbides.
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In order to clarify the nature of the periodic
structure and the mechanism for its self-stimulating
formation the laser irradiation was stopped, when this
structure had been generated and several investigation
techniques were employed. A rough impression of
both the element distribution and the surface relief is
given by backscattered electron (BSE) images using
two detectors (A, B). Figure 7b represents the com-
positional image contrast (A + B) and Fig. 7c the
topographic one (A — B) in comparison with the
usual secondary electron (SE) image (Fig. 7a).

The latter picture shows clearly that the periodic
structure consists of a set of parallel hills and valleys.
Brighter appearance in the A + B image (apart from
some edge effects) refers to an increased fraction of
elements with larger atomic number [15], in our case
to a raised tungsten concentration. The periodic wavy-

Figure 6 SEM micrograph of the laser spot on a polished surface of
WC-20wt% Co, showing the formation and destruction of
periodic structure. (Same spot as in Fig. 1). (a) 1000 pulses, (b) 3000
pulses, (c) 5000 pulses, (d) 7000 pulses, (¢) 10000 puises.

ness seems to be accompanied by some synchronous
compositional modulation with higher tungsten con-
tents on the hills compared with those in the valleys.
Along the hills the original grain structure shines
through the covering film obviously much thinner
here, whereas the valleys are covered by a thicker
molten layer. This impression is stated by an EPMA
line scan (Fig. 8). It was taken by wavelength disper-
sive X-ray analysis of the Co K, and WL, X-ray lines
across the periodical structure. The following con-
clusions can be drawn:

1. Inside the spot cobalt shows clearly a periodical
distribution with higher cobalt content in the valleys.

2. Beside the periodical distribution the mean
cobalt content is lower inside the laser irradiated area
than at the untreated area. The course shows a mini-
mum in the spot centre at which the expected cobalt
peak is absent corresponding to a high evaporation
rate caused by the temperature maximum.

3. In correspondence to the mean behaviour of
cobalt the tungsten content reaches a maximum value
in the spot centre.

4. A strong periodical local distribution of tungsten
is not observed. This is caused by the superposition of
the signals from both WC grains (predominant at the
hills) and tungsten solved in cobalt (prevalent in
the valleys). Therefore, the clear anticorrelation of
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tungsten and cobalt signals is not found in the spot in
contrary to the outer untreated region.

Additional information including subsurface structure
can be gained by means of the ion-beam cutting
technique mentioned above (Fig. 9). The sharp section
produced in this way shows that the modulated sur-
face profile lies under the level of the original one, i.e.
the ripple structure is engraved into the material. The
heterogeneous structure characterized by the poly-
gonal carbide grains is destroyed up to distances
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Figure 7 Analysis of a laser spot on a polished surface of WC-
20wt % Co, taken with different SEM methods. (a) Image with
secondary electrons (SE); (b), (c) Image with backscattered
electrons (BSE). Use of two detectors (A, B) allows separation of (b)
compositional contrast (A + B) and (c) topographic contrast
(A — B).

below the surface much smaller than the wave ampli-
tude of about 4 um. This invariance proves that any
essential contribution of viscoplastic flow can be
excluded. These facts are consistent with the concept
of temperature-modulated evaporation from the melt
as decisive step in ripple formation. The fluctuating
thickness of the melt layer should be produced by
the competing effects of cobalt evaporation on the
top side and carbide dissolution on the underside.
Obviously this equilibrium is displaced towards
evaporation along the less heated hills leading to the
very thin film there, which hardly covers the protrud-
ing carbide grains. There may be an additional effect
by the usual degradation of surface tension with
increasing temperature stimulating the melt to con-
centrate within the more heated zones.

b. Conclusions

Summarizing the experimental results and their
discussion given above, the following conclusions can
be drawn:

1. The laser-induced structural modification of
cemented carbides is carried out by the melting binder
phase. The carbide grains do not directly melt, but are
dissolved by the liquid binder, changing the cobalt-
rich melt into a tungsten-rich one.

2. Due to the tungsten enrichment of the liquid
phase, by self-quenching after irradiation the molten
material is transformed to an oversaturated solid
solution with fine carbide precipitates.

3. With increasing pulse number the dissolution
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Figure 8 EPMA-line scan through a regularly modulated laser spot, showing the correlation between composition and geometry of the

surface.

process is intensified by the rising fraction of highly ~ by evaporation occurs. Due to resonance amplifi-

dispersed secondary carbides. This seems to be con- cation of surface modulation, a periodic structure
nected with an enlarged absorption and correspond- strictly correlated with polarization direction and
ingly enlarged energy input. wave length is thus engraved into the surface.

4. At higher pulse numbers significant material loss 5. The periodic structure becomes unstable at

Figure 9 Section through a laser spot with periodic surface modulation. For sectioning (see also Fig. 8) the ion beam slope cutting technique
was applied [16].
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Figure 10 Composition of melt layer in the valleys according to
EPMA signals obtained with different acceleration voltages.

continued irradiation when dissolution and lateral
viscous flow compensate the local evaporation losses.
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