In summary, a re-examination of the influence of the gas-
carbon reaction on the reaction kinetics of FeO by solid
carbon using recently available data has shown that this
reaction may have a significant effect on the observed rates.
A comprehensive mixed control model was used to evaluate
the influence of the gas-carbon reaction on the observed
reduction rate, and the predictions agree well with the mea-
sured data. In general, the overall rate is controlled by the
various steps in a series. The predominant step will depend
on the stirring condition and type of carbon. The rates ob-
served in graphite are probably not strongly affected by the
gas-carbon reaction, the rate limiting steps are liquid phase
mass transfer in combination with the slag-gas reaction. On
the other hand, when coke is used, the considerably lower
reactivity of this carbonaceous material to CO, at high tem-
peratures appears to cause this reaction to have significant
influence on the rate of reduction.
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On Optimization of the Powder
Plasma Arc Surfacing Process

J.N. DuPONT

The plasma arc welding (PAW) process is frequently
used with alloy powder additions for surfacing components
subjected to wear and corrosion. Although the deposition
rate of this process is typically lower than consumable elec-
trode processes such as gas metal arc welding and sub-
merged are welding,['?] the ability to independently control
arc power and filler metal feed rate generally allows for a
higher degree of control over dilution.’! Minimizing dilu-
tion is important for maintaining the composition, and thus
the corrosion/wear resistance, of the weld overlay. As dis-
cussed in a recent article, dilution is minimized by oper-
ating the process at a high filler metal feed rate (V) to
melting power (7, m,, VI) ratio, where 1, and 7, are the
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arc and melting efficiency, respectively, and VI is the arc
power. The melting power is simply the fraction of arc
power utilized for melting the filler metal and substrate. If
the melting power is too low for a given filler metal feed
rate, then insufficient power remains to completely fuse the
filler alloy to the substrate. In this condition, incomplete
fusion can result between the weld overlay and the sub-
strate, which may be susceptible to spallation during ser-
vice. In addition, the deposition efficiency of the process
can be low if insufficient power is available for melting the
volumetric feed rate of powder, which is directed to the
molten weld pool. (The deposition efficiency is the fraction
of total powder that is melted and deposited as part of the
weld overlay.) A scheme for controlling dilution has re-
cently been discussed in detail.®! In this work, it is dem-
onstrated that the V,/n,m, VI parameter can also be used
for estimating deposition efficiency and fraction of over-
lay/substrate fusion, £

Figure 1 shows the change in dilution, fraction of over-
lay/substrate fusion, and deposition efficiency, which are
expected to result as the filler metal feed rate is increased
for a given melting power. In Figure 1(a) the filler metal
feed rate/melting power ratio is low. Only a small portion
of the total melting power is required for melting the filler
alloy. The remaining power is used by melting a rather
large portion of the substrate. Although the deposition ef-
ficiency is likely to be high in this condition and there is
complete overlay/substrate fusion, the level of dilution is
high due to the large quantity of substrate melted. As the
filler metal feed rate is increased. (Figure 1(b)), a larger
portion of the total power is required for melting the filler
alloy and less power is available for melting the substrate.
As a result, the quantity of melted substrate decreases,
which, in turn, reduces the dilution. Figure 1(b) represents
a good balance of parameters because dilution is low while
maintaining complete overlay/substrate fusion and a high
deposition efficiency. With a further increase in filler metal
feed rate (Figure 1(c)), the power available for melting is
insufficient to melt all of the filler metal and, in addition,
melts little or none of the substrate. At this point, complete
overlay/substrate fusion is lost, the deposition efficiency is
low, and the critical filler metal feed rate/melting power
balance is considered to be exceeded.

It was previously suggested,’! but not experimentally
verified, that an upper limit could be placed on the maxi-
mum filler metal feed/melting power ratio by

V 1

fm, max - [1]
nunm V 1 E/h1
where V, ... is the maximum volumetric filler metal feed

rate and £, is the melting enthalpy of the filler metal. The
value of m, varies only slightly for a given process, while
the melting efficiency can be predicted from knowledge of
the arc power and travel speed.*>] Equation [1] simply de-
fines the condition where the filler metal feed rate is at a
value where all the melting power would have to be used
for melting the filler alloy, in which case no melting power
would remain to melt the substrate. This is the condition
where the dilution is reduced to an undesirable level of zero
and, thus, the value of F, would also be zero. While this is
a simplification of the problem as it does not consider the
relative rate of energy transport from the process to the
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Fig. 1—(a) through (c) Schematic illustration showing variation in
dilution, fraction of overlay/substrate fusion, and deposition efficiency
with increasing filler metal feed rate at constant melting power.

filler metal and substrate, the condition should provide an
upper bound to the limit for the maximum filler metal feed
rate.

In this work, the powder PAW process was operated un-
der a wide range of filler metal feed rates and melting pow-
ers in order to evaluate the usefulness of Eq.[1] in PAW
surfacing applications. The range of parameters was chosen
close to the limit of Eq.[1]. The procedure and equipment
used was identical to that described previously,?# where
single pass welds were prepared by depositing type 308
austenitic stainless steel powder onto A36 steel substrates.
The PAW process was operated using direct current elec-
trode negative polarity with a 4-mm diameter 2 pct thor-
iated tungsten electrode and argon shielding gas. After
welding, each sample was cross sectioned using an abrasive
cut-off wheel, polished to a 1-um finish using silicon car-
bide paper, and etched in a 2 pct Nital solution. The value
of F, for each condition was measured, as shown schemat-
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Fig. 2—Schematic illustration showing measurement of fraction of
overlay/substrate fusion, F.
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Fig. 3—Fraction of overlay/substrate fusion, /7, as a function of the filler
metal feed rate/melting power ratio.

ically in Figure 2, using a quantitative image analysis sys-
tem. In three-dimensional space, the value of F; is defined
in terms of the ratio of substrate to overlay melted planar
areas at the substrate surface. In practice, when the weld is
cross sectioned for examination, these planar areas are re-
duced by one dimension and are represented by the width
of the overlay (W,) and substrate () at the substrate sur-
face. This is shown schematically in Figure 2, where the
value of F, is simply defined by the ratio of the width of
the melted substrate at the substrate surface, W, to the width
of the melted overlay at the substrate surface, W,. Thus,
when W, = W, the overlay is properly fused to the substrate
and £ is equal to unity. The implicit assumption here is
that the melted planar areas are constant along the length
of the overlay. A similar approach is always taken during
dilution measurements.?®! In three-dimensional space, dilu-
tion should actually be defined in terms of the melted vol-
umes of overlay and substrate. However, the melted
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Fig. 4—(a) through (¢) Photomacrographs showing decrease in fraction
of overlay/substrate fusion as the filler metal feed rate/melting power ratio
is increased.
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Fig. 5—Deposition efficiency as a function of the filler metal feed
rate/melting power ratio.
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cross-sectional areas are always used when the weld is cross
sectioned and the volumes are reduced by one dimension
into areas. The melting efficiency was measured as previ-
ously described, and the arc efficiency was assumed con-
stant at 0.47.11 The deposition efficiency was determined
by measuring the cross-sectional area of deposited overlay
and dividing this by the ideal value. The ideal value of
deposited cross-sectional overlay is given by the ratio V, /S,
where S is the travel speed.

Figure 3 shows the variation in the fraction of over-
lay/substrate fusion, F,, as a function of the V,/n.m, VI
ratio. The gradual decrease in fraction of overlay/substrate
fusion with increasing V,,/n,m,, VI is shown on several sam-
ples in Figure 4. While there is considerable scatter in the
data, the results clearly show the trend. The value of
V.M., VI, which reduces the overlay/substrate fusion to
zero, which should be given approximately by 1/E, =
0.115 mm?/J, is represented reasonably well by the exper-
imental data. (The value of E,, for 308 austenitic stainless
steel is 8.7 J/mm?3.1°) Various overlays produced under the
critical value of V,/n,m, VI exhibit an appreciably wide
range of overlay/substrate fusion, but still never result in a
value of F, equal to unity. The simple method proposed
here cannot account for these variations as it does not con-
sider the relative rate of heat transfer between the filler
metal and substrate as it is affected by welding variables.
Nevertheless, the simple upper bound analysis provides a
useful starting point in the selection of process variables for
depositing single-pass overlays with the powder PAW pro-
cess. Any useful set of parameters must certainly be below
the value of V,/n,m, VI given by Eq. [1], or some incom-
plete overlay/substrate fusion is likely to result. For this
particular set of conditions, the value of V,,/n,m,,VI should
be below approximately 0.08 mm?/J to maintain F} levels
near unity.

Figure 5 shows the variation in deposition efficiency with
the V,,/n,m, VI ratio. Again, there is considerable scatter in
the data, but the trend is apparent. As the V,/n,m,VI ratio
increases, less of the incoming powder can be melted and
the deposition efficiency decreases. V,,/n,m, VI values be-
low approximately 0.08 mm?3/J, which produce high over-
lay/substrate fusion levels, lead to deposition efficiency
levels above 0.8. These concepts, when combined with the
previous method outlined for controlling dilution,?! should
be useful for selecting optimized parameters for the plasma
arc surfacing process.
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