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Abstract

High temperature corrosion of a Pt-30 wt.% Rh alloy in a phosphorizing gas was isothermally
investigated at 1285 K using a gas switching technique. Diffusion of P into the alloy created an
outer layer of Pt-rich liquid and blocky (Pt, Rh)2P precipitates along with an inner layer of fcc and
(Pt, Rh)2P plates in a cellular microstructure. Concentration profiles measured by SEM-WDS and
EPMA across the layers at room temperature showed that there were three fcc phases: first was a
12 at.% Rh phase in the outer layer; second was a 37 at.% Rh phase in the cellular microstructure;
and third was the initial 43 at.% Rh alloy. Also, the EPMA data registered approximately 0.1 at.%
P in fcc of these layers. Based on the surrounding binary phase diagrams and the experimental data
obtained in this study, a partial Pt-Rh-P phase diagram was constructed. A diffusion path for the
corrosion microstructure was drawn on the partial phase diagram to help develop a step by step
model for how the microstructure evolved. Growth kinetics of the inner layer were used to
calculate a P diffusivity of about 1012 m?/s in the Pt-Rh alloy at 1285 K, suggesting rapid diffusion

by either an interstitial or interstitialcy mechanism.



1. Introduction

Platinum (Pt)-based alloys exhibit reasonable oxidation resistance [1] and are used in high
temperature applications such as thermocouple sensors, crucibles, catalysts, etc. For those used in
iron and steelmaking, and gasification industries, Pt is typically alloyed with rhodium (Rh) at
different concentrations between 0 and 30 wt.% to induce a voltage difference corresponding to
the temperature being measured [2]. The thermocouples used in industrial applications are often
required to withstand severe environments caused by corrosive gases (e.g., arsenic (As), sulfur (S),
phosphorous (P), etc.). While As and S are known to corrode Pt-based catalysts and sensors [1, 3-
4], reports in the literature describing P interaction with Pt or Rh are limited to binary phase
diagram assessments. Okamoto presented phase equilibria in the binary P-Pt and P-Rh systems
based on available literature data [5, 6]. Two intermediate phases (PtsP2 and PtP2) were reported
in the Pt-P system, while five (RhzP, RhsP2, RhsP3, RhP2, and RhP3) were found in the Rh-P
system. Okamoto reported on the Pt-Rh system, as well, and reported that it is isomophous above
2000K [7]. However, in the literature, corrosion of Pt-Rh alloys in phosphorizing gases or phase

equilibria and P diffusion in the Pt-Rh-P system has not been described.

In earlier work by several of the current authors, type B thermocouples (Pt-6 wt.% Rh and Pt-30
wt.% Rh) were found to fail in a P rich gas upon heating to a temperature in the range of 1202 —
1252 K [8]. The failure mechanism was high temperature corrosion that involved P diffusion into
the Pt-Rh alloys. In that work, intergranular diffusion was found in a low Rh alloy (Pt-6 wt.% Rh)
and intragranular diffusion in a high Rh alloy (Pt-30 wt.% Rh). However, interpretation of the
reaction kinetics was complicated due to the non-isothermal nature of the heat treatment. In the

present study, Pt-30 wt.% Rh alloys were isothermally exposed to a P rich gas to minimize



potential artifacts from the heating cycle. Results obtained in the current work were used to draw
a partial Pt-Rh-P phase diagram at 1285 K, to infer the microstructural evolution of the corrosion

reaction, and to estimate the diffusivity of P in the solid-state Pt-30 wt.% Rh alloy.

2. Experimental Procedure

The experimental procedure was similar to that used in [8] except, in this work, the isothermal
exposure was conducted by switching an oxidizing gas to a reducing gas to control evolution of P
bearing gas at the designated temperature. Reagent grade aluminum phosphate powder of <5 um
diameter (99.6% purity, Alfa Aesar) was used as the source of gaseous P. Powder X-ray diffraction
(XRD) analysis indicated the presence of AIPO4, AIP309, and Al2O3 (roughly estimated to be 92.4
wt.%, 7.2 wt.%, and 0.4 wt.%, respectively). The thermocouple grade Pt-30 wt.% Rh wire used in

this study was 0.38 mm in diameter and manufactured by Engelhard,

For the remainder of the paper all concentrations will be given in atomic percent with an
abbreviated notation that rounds the concentrations off to two significant figures and eliminates
the unit “at %”. For example the base alloy in atomic percent will be Pt-43Rh for the Pt-30 wt.%

Rh alloy.

2.1 Experimental Set-up
The experimental set-up employed in this study is schematically shown in Fig. 1. Individual Pt-
43Rh wires were placed on top of an alumina plate. The alumina plate was then put on a bed of
aluminum phosphate powder that filled an alumina boat. That boat was capped with another

alumina boat as shown in the figure with openings in its sides to allow gas flow to the wires. The



alumina boat assembly was set within the hot zone of a horizontal CM Rapid Temp 1800 Furnace.
Temperature was measured with a type B process thermocouple that was enclosed in an alumina
protection tube placed next to the alumina boat within the hot zone. The heating rate during

experiments was controlled using a programmable temperature controller.
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Fig. 1 Schematic experimental set-up (Not to scale)

2.2 Phosphorizing Heat Treatment
The heat treatment cycle in which samples were phosphorized is summarized in Fig. 2. First the
furnace was purged with a flowing gas of 5 vol.% 0O,-95 vol.% N2 at 100 ml/min while heating to
the target temperature of 1285 K. The oxidizing gas was used to prevent aluminum phosphate
decomposition during heating. The target temperature was selected to be approximately 30 K

higher than where Pt-Rh thermocouples failed on heating in [8] to ensure sufficient kinetics.
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Fig. 2 Temperature profile during heat treatment

After reaching the target temperature, the temperature was held for one hour at 1285 K in the
flowing oxidizing gas to stabilize the temperature, homogenize the sample microstructure and

oxidize possible organics off the sample surface.

The next step was a switch to a carbon monoxide (CO) gas at the same flow rate to promote
aluminum phosphate decomposition and release phosphorous vapors into the reaction zone. The
AlP30g is expected to decompose to AIPO4 and P20s in CO. Thermodynamic calculations
(FactSage 6.4 with the FactPS database) indicated a partial pressure of oxygen in a CO gas at 1285
K would be approximately 10* Pa, which allows the presence of (P203). in the gas along with
P.Os. The partial pressure of oxygen for the present experimental setup was also independently
measured using an yttria-stabilized zirconia oxygen sensor (SIRO2, Ceramic Oxide Fabricators)

and was confirmed to be approximately 10* Pa. From past experience [8], it was expected that



the P rich gas would interact with the Pt-43Rh alloy. As a reference alloy, one of the Pt-43Rh wires
was heated under the same conditions without P exposure. Tests were performed for phosphorizing

times of 0 min (the reference alloy), 1 min, 3 min, and 5 min.

Phosphorizing ended when the reaction tube was purged for ten minutes in He flowing at 400
ml/min. While purging with He, the temperature gradually rose approximately 6 degrees before
quenching. That likely occurred due to the higher heat conductivity of He than CO. Although the
primary reason for the purge was safety, the purge cycle was an additional sample heat treatment.

After purging, wire samples were removed from the furnace and quenched in water.

All gases used in the experiment were high purity (99.999% for N2, 99.5% for CO and 99.999%
for He) and supplied by Matheson (USA). Sample exposure time to the P enriched CO gas was
counted from the time when the CO valve was opened in the furnace system. The gas delay (time
that took for the gas to reach the sample) was estimated to be approximately 50 sec after the valve

was open.

2.3 Sample Characterization
Tested wires were cross-sectioned, mounted, and polished for metallographic and chemical
analysis. The chemical analysis of phases was performed by a JEOL-7000F scanning electron
microscopy (SEM) with wavelength dispersive spectroscopy (WDS) and a CAMECA SX50
electron microprobe (EPMA). The EPMA uncertainty varied with measurements and was found

to be up to 0.5, 1 and 35 % of the measured values for the Pt, Rh and P, respectively, while the



JEOL-700F SEM-WDS uncertainty was about 0.1 wt.% for Pt, 1.8 wt.% for Rh and 37.5 wt.% for

P.

3. Results
3.1 Corrosion microstructures

The reference alloy without P exposure was quenched before the gas was switched to CO. It
exhibited no apparent microstructure changes, while samples exposed to the phosphorizing gas
exhibited two distinct layers above the base fcc alloy. An exemplary microstructure after 3 min of
P exposure is shown in Fig. 3. The outer layer consists of blocky particles in a Pt-rich matrix phase,
a matrix that was liquid at the experimental temperature. An inner layer, between the outer layer
and base metal, consists of a cellular structure. A transition zone present between the outer and

inner layers contains a mixture of microstructures from the adjacent layers.
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Fig. 3 SEM backscattered electron micrograph of the cross-sectioned Pt-43Rh alloy after 3 min
isothermal exposure to the P enriched CO environment at 1285 K
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The blocky phase in the outer layer was identified in [8] to be (Pt,Rh).P with a composition of Pt-

54Rh-32P, while the Pt-rich matrix phase was found to be fcc with a composition Pt-15Rh-0.5P.

To simplify the notation, phases will have the following names: (Pt,Rh).P will be « , the fcc base
alloy will be o, the fcc phase in the cellular reaction will be y1 and the fcc matrix phase surrounding

the blocky « phase will be y> (which was liquid at the experimental temperature).

Fig. 4 is a micrograph taken of a sample that had a similar heat treatment to the one described
above. Instead of a multi-step heat treatment, it had only one step of 15 min in the phosphorizing
gas at 1285 K. The cellular structure is similar to Fig. 3, but shows a clearer boundary between the

cells of « + y1 and the base metal, yo, as well as, a contrast difference between some cell colonies.
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Fig. 4 SEM backscattered electron micrograph of the boundary between the k + y1, cell structure
and the yo alloy with circles showing locations and the approximate size of three EPMA

8



measurements along a k plate. This sample received a similar phosphorizing heat treatment at 1285
K to one described for Fig. 3. Measurements given on the top right corner of the micrograph are
from volumes that contain both k and y1

Three white circles on Fig. 4 show where EPMA measurements were made of the local
compositions. Composition measurements are listed on the figure as well. The size of the circles
indicate the approximate area where the measurements were made and indicate that the

compositions are a mixture of the y1 and « plates. If the phases are in equilibrium, these

compositions will be on a phase diagram tie line that has « on one end and y; on the other.

3.2. Concentration Profiles
Fig. 5 gives concentration profiles across the 3 min phosphorized sample along the y phases. The
profiles run along a line from the surface into the sample. However the line is not in the radial
direction, which is the direction of growth. Therefore a secondary x-axis, ‘Distance adjusted to the
radial direction,’ is given below the figure, which gives the radial distance from the surface. That

is needed to calculate the growth velocity of each boundary between the layers.

On the accompanying microstructure, one can see that the point analysis tracks are confined to the
three y phases by avoiding the « particles and plates. The outer layer composition of y» is Pt-12Rh-

0.1P, the inner layer y1 is Pt-37Rh-0.1P and the base alloy yo is Pt-43Rh.



1.50
-1.25
9
Sc'ﬁ 123 1016 -1.00
X i -Acpo—-Dod )
= 60 T 17 Ra22 g\_‘
— 19 i L
£ Transition zone +—» 0.75 —_
o 40 P-e-6-0 g,
— i 00n_ o0 ol
A SIS L 0.50
&
20 - a | 095
B---0--B-0---Le e 0-O o
o - T— - T— o-g =] a
1] " Y R
0 —r 1T r-r+-rr--r+1T 71111 *IE-H ;G 0.00

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Distance aligned with the SEM micrograph (um)

|
0 3 6 10 13 16 18 21 24 26 29 31 33 35 37
Distance adjusted to the radial direction (um)

Fig. 5 Concentration profiles across the sectioned Pt-43Rh alloy after 3 min exposure to the
phosphorizing gas at 1285 K. As can be seen, the SEM backscattered micrograph is aligned with
the profiles to match the point analysis tracks in the three y phases. Also, locations of the free
surface, the boundary between the inner and outer layers, and the boundary between the inner layer
and the base metal are labeled Xo, X1 and Xz, respectively

Dashed lines are drawn at concentrations for each y phase. The lines show that there is minimal

scatter in the data except in the « + y1 layer. Scatter there is caused by the small spacing of the
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cellular plates. That leads to some k phase being included in the signal for y1, which increases both

the Rh and P concentration.

It is apparent on all micrographs that the shade of the grey color in y2 is noticeably lighter than in

either y1 or yo, suggesting a connection between the grey level and %Rh. That being the case, it

appears that the concentration of Rh has been reduced in the transition zone and in nearby regions

of the inner layer. Presumably the reduced Rh combines with P from the outer layer to thicken k

plates in the transition and some parts of the inner layer.

Fig. 6 shows SEM and EPMA measurements taken on a number of samples. All samples
received the same heat treatment cycle except for the phosphorizing time that was (1 min) and
(3 min). Also the beam voltage was varied. As illustrated in Fig. 6, a larger beam voltage leads
to a larger excitation volume of material activated. A larger volume may include the
surrounding k phase leading to higher Rh and P concentrations, thereby generating scatter in
the data. However, in principle all such scatter should lie on ay + k tie line. On a phase diagram
with the dimensions given in Fig. 6, all tie lines should be nearly horizontal. Therefore, all of
this type of scatter would be limited to the three horizontal dashed lines drawn on the figure.
However, that isn’t the case, and the scatter must have another explanation. A simple
explanation is that many data points involve y phases from both the inner and outer layer
instead of just from one layer measurement. That would explain why data was found between
the three horizontal lines. One example can be seen in the one minute tests. With the smaller

activated volume of the 10 kV beam, it is possible to see data associated with each of the y;

and vz lines. With the larger activated volume from the 20 kV beam there is only a separate
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line of data for the y2 line and no line of data for y1. However, at 20 at.% Rh there is a line of
data that could be a mixture of y1 and y> compositions, suggesting that the inner layer was too

thin to be measured separately from the outer layer when a large volume of data was activated.

Regarding the (3 min) data, the scatter is likely due to including data from the transition zone.

There both layers are intermixed and the grey level suggests that there is a continuous variation

of Rh in the y phase.
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Fig. 6 SEM and EPMA data from a number of samples phosphorized for (1 min) and (3 min), but
otherwise having the same heat treatments plotted on %Rh vs P axis. yo, y1 and y2 are given as
averaged from Fig. 5. Much of the scatter is likely caused by data points that include both y; and
v2. Also, a schematic diagram (to scale) is given of the expected excitation volume of the Pt-30Rh
alloy at 10 kV and 20 kV generated by Electron Flight Simulator 3.1-LV software. The excitation
volume may be larger in the presence of P

3.3 Layer Growth kinetics

12



Fig. 7 is a plot of the inner and outer layer growth as a function of time. The plot gives the average
position of the (k + y2)/(kx + y1) and (k + Y1)/yo boundaries along lines X1 and Xz for samples
phosphorized for 1, 3 and 5 minutes. However, no measurement is given for the X, boundary for
a 5-min exposure, because moving boundaries from both ends of the wire had substantially

traveled and overlapped at the center zone of the alloy. The inner layer thickness is given by the

difference between the top and bottom lines.
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Fig. 7 Locations of the (x +y2)/(x +vy1) and (x + y1)/yo layer boundaries are plotted versus
phosphorizing time along lines X1 and X, respectively. The locations are adjusted to the radial
direction

Because layer boundaries, including the free surface, were irregular, a special procedure was used
to determine the average position. It was determined over a 380 um length of wire as the midpoint
between two parallel lines drawn at the extremes of the boundary. The midpoints (Xo, X1 and X>)
are illustrated on Fig. 5. The distance from the midpoint to the parallel lines is reported in Fig. 7

as the uncertainty of the measurements.
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A straight line is drawn through the lower data (X1), because it is suitable for a linear
regression analysis and because of Equation (1) in ‘4.1 Proposed Microstructural Evolution’. The
slope of the line gives the velocity of boundary X1, vi=0.13 um/s. A straight line is drawn through
the upper data (X2) with double the slope of X1 and, accordingly, with velocity, v. = 0.26 um/s.
The line is drawn straight, because cellular reactions grow at a constant rate [9]. The decision to
double the velocity for the second boundary was somewhat arbitrary, because of scatter in the data.
However, the possible variation will be considered when calculating the diffusivity of P in the

alloy.

4. Discussion

4.1 Proposed Microstructural Evolution
Microstructural evolution in the Pt-43Rh alloy exposed to the phosphorizing gas at constant
temperature is schematically summarized in Fig. 8. A straightforward way to describe the

evolution as a function of time is as follows:

Step 1. The phosphorizing gas arrives at the alloy surface and P begins to diffuse into yo.
The concentration of phosphorous rises at the surface proportional to the square root of
time, while P diffuses into the metal to a root-mean-square distance that is also proportional

to the square root of time [10], thereby creating a supersaturated field of P.

Step 2. When the supersaturation rises to create a sufficient driving force, the cellular
reaction y$"t —» « + y1 y5$Ut »nucleates at grain boundaries and grows into the

supersaturated field of yo at a constant rate [9]. Since the supersaturated field expands
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proportional to the square root of time, the cellular reaction could catch up to limits of the
supersaturated field and have its growth rate slowed, but there is no evidence of that

happening.

Step 3. During step 2, the concentration of P at the surface, that is now « + y1, continues to
rise in y1 until the driving force for the reaction y$™* — L+« y5't - Ls3treaches a critical
level. Then it is likely that only y1 liquefies, via the reaction y$it — L y§tit — 153t while
k is engulfed in the liquid as solid particles without much change. That is the beginning of

step 3.

The linear kinetics of interface Xz, seen in Fig. 7, indicates that the reaction is interface
controlled and, therefore, that the velocity can be modeled with the equation [11]:

v = MAG 1)
in which v is the velocity, M is the interface mobility, and AG is the driving force for the
reaction. Eventually the concentration of P will rise to a level where the driving force will
move the interface at a constant rate that maintains a constant concentration of P in the

outer layer and a steady-state diffusion field in the y1and yo phases.

Step 4. Step 4 (not presented in Fig. 8) occurs during the post-phosphorizing heat
treatments. During the hold and cooling, more « will precipitate combining Rh from the
liquefied y1 and P that was already in liquid solution. Eventually the liquid will solidify

into the solid state y» phase with composition Pt-12Rh.
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Fig. 8 Sketch of the microstructural evolution of Pt-43Rh exposed to phosphorizing gas. Arrows
point in the P flux direction

4.2 Partial Pt-Rh-P phase diagram at 1285 K
A partial isotherm of the Pt-Rh-P phase diagram involving liquid, y, and « at 1285 K is shown in
Fig. 9. The diagram was drawn by combining information from the binaries with information from
the current research. It is assumed that the sample equilibrated during post-processing. Therefore

the sample data is suitable for phase diagrams.

To construct the diagram, first the equilibrium phases around the perimeter of the Gibbs triangle
were added as indicated by the Pt-Rh, Pt-P, and P-Rh phase diagrams [5,6,7]. Then other relevant
features from the binaries at 1285 K were added. They were that the Pt-Rh system is isomorphous,
that the Pt-P system has little solubility for P in y followed by a L + y region with its liquid phase
boundary at 18 at.% P, and that the Rh-P system has little solubility for P in y followed by a y +
Rh2P region. Additional information was obtained from the Rh-P diagram by extrapolating the L
+ v region to 1285 K where the equilibrium is metastable and the L phase boundary is at 28 at.%

P.
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Fig. 9 A Partial Pt-Rh-P phase diagram at 1285 K drawn from binary diagrams, and from the
current research

Then yo, y1, v2 and k compositions, from the concentration profiles (Fig. 5), of Pt-43Rh, Pt-37Rh-
0.1P, Pt-12Rh-0.1P and Pt-60Rh-30P, respectively, were added to the diagram. The values are
somewhat different than those found in [8], because in the present case the alloys were only
equilibrated at 1285 K while in [8] the temperature varied over the course of the experiment and

the alloys.
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The diagram was further completed by drawing an extension of the binary Rh2P (k) phase into the
ternary system with a straight line to represent the isomorphous region. A tie line was then drawn
between y1 and « to represent equilibrium in the cellular microstructure. Note that according to
theory described in [9], phases that form in a cellular reaction are not in equilibrium. However, it
seems likely that the cellular phases equilibrate during the post phosphorizing hold for 10 minutes

because their spacing and the diffusion distance for impurity elements in Pt are similar [12].

The final step was to draw the L + y + « tie triangle. The y + k¥ edge of the triangle was drawn by
connecting y2 and k with a line to represent equilibrium in the outer layer. What remained was to
determine the composition of the tie triangle liquid corner, LE%. That was determined by estimating
the L + y region in the ternary by drawing a straight extrapolation line between the liquid phase
boundary of the stable L + y region in the Pt-P binary and the metastable L + y in the Rh-P binary.
The extrapolated line is an estimate of the phase boundary for both stable and metastable L + y

regions in the ternary Pt-Rh-P phase diagram.

Then it was assumed that as Rh is added to the L + y region in the Pt-P binary that the tie lines in
the region remain parallel and that the liquid end of the tie line will follow the extrapolated phase
boundary of the L +y region. When the Rh concentration is equal to y, the tie line represents the
L + y2 equilibrium found in the outer layer and is at the top of the stable L + y region and at the
bottom of the tie triangle. The liquid end of that tie line has a composition of Pt-12Rh -18P and is
the corner of the tie triangle labeled LE%. In addition, it is the composition of L that was in

equilibrium with k when the system was at 1285 K.
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Although the extrapolated L + y phase boundary was assumed to be linear, the negative heat of
mixing of the Pt-Rh solid solution [13], suggests that the extrapolated liquidus is somewhat bowed
to higher P concentrations (for the same reason that the liquidus temperature in the Pt-Rh phase
diagram is bowed to higher temperature). This means that the concentration of L5 could have a

somewhat higher concentration of P than given in the figure.

4.3 Diffusion Paths

The concept of diffusion paths (or composition paths) was originally described by Kirkaldy and
Brown using 17 theorems [14], and was elaborated on by Morral [15]. A diffusion path tracks the
average composition along a line that crosses an interdiffusion zone and then plots the track on a
phase diagram. For the current system in which P is diffusing orders of magnitude faster than Pt
or Rh [8], one expects that the diffusion path will be on a straight line from yo to the P corner of

the Gibbs triangle, which is given by the dashed line in Fig. 10.

The broad arrow along the dashed line gives the diffusion path and the direction of P diffusion.
Points along the path correspond to average compositions of the outer layer, the inner layer and
the initial alloy. The average composition of the inner layer was found by where the tie line for the
cellular structure crosses the diffusion path at Pt-41Rh-5P. The path begins at the average
composition of the base metal, yo, and is assumed to end at a P concentration that is somewhat
higher than the L + k¥ phase boundary to account for the supersaturation needed to drive the X

boundary. There are no other significant average compositions in the sample except in the
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transition zone, which would have compositions on the dashed line between the inner and outer

layer compositions.

The second arrow shows the composition of y1 as P flows through it to saturate yo in order to drive
the cellular reaction. Like the diffusion path, it follows a line that intersects the P corner of the
Gibbs triangle. It is assumed that once it enters the L +  region that the reaction y5%* — L5% can

occur.
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Fig. 10 The Diffusion Path on the Pt-Rh-P phase diagram
4.4 Corrosion Kinetics and P diffusion in the Base Alloy

Fig. 7 suggests that the first two steps in the corrosion reaction occurred too rapidly to be observed.

For that reason their kinetics will not be considered and only step 3 will be discussed.

During step 3 the concentration profile for % P iny will look like Fig. 11. It takes into account that
the % P in the liquid will be higher than the assumed equilibrium concentration in order to provide
a driving force for the interface controlled reaction at Xi. The concentration for % P is drawn as a
nearly horizontal line across the liquid phase, because a minimal gradient is needed to obtain a

given flux when fast moving P atoms diffuse toward to a slow moving X1 boundary.
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Fig. 11 Predicted concentration profile of P in y (or liquid) during step 3. Locations of the free
surface, the boundary between the inner and outer layers, and the boundary between the inner layer
and the base metal are labeled Xo, X1 and X», respectively

21



As long as the % P in the liquid is constant, the velocity of the boundary will be constant, too. In
that case the diffusion field in y can be modeled with a steady-state solution relative to a moving

co-ordinate system centered at Xi. The equation is:

Ve, 0) = vp(Xs, O exp |- 2] @
In which yp is the concentration of P, x is the distance from Xo, t is the time, X is equal to vt vt,
and D} is the diffusivity of phosphorus in y. Equation (2) can be readily verified by substituting it

into Fick’s second law and obtaining an identity.

Equation (2) can be used to calculate the diffusivity of P in yo by assuming that the concentration

at Xz s at the critical composition needed to form the cellular structure. The Diffusivity is:

i i (X2-X1)
VER () = Y Ox,) exp | - 2 ©

Dy
in which y§55(X,) is5at.% P and y§ht(X,) is 25 at.% P, both from Fig. 10, while the velocity v,
is 0.13 um/s and (X, — X;) is approximately 23 um (for t = 3 min), both from Fig. 7.

It follows that

-6 -6 2
_013x10 (523><10 ) 19x10-12™ @)
InX) s

Y1 _
Dyt =

Considering that X>-X; could be between 20 and 26 um suggests that the diffusivity of P in the
alloy is 1.9+0.5x10%? um/s. In any case, the diffusion coefficient calculated in equation (4) has the

same order of magnitude as the estimated value for the non-isothermal test in [8].
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For comparison, typical diffusivities of substitutional atoms in Pt at 1285 K are on the order of

10 m?/s (e.g. Ag in Pt) [12]. Therefore diffusion of P in this study and [8] is four orders of
magnitude faster than substitutional atoms moving via a vacancy mechanism. Whether this is an
example of an interstitial or interstitialcy diffusion mechanism is apparently not known. The
confusing issue is that the radius of a P atom in a metal is about 0.11 nm. That makes it somewhat
too large to be an interstitial in the Pt-Rh system and too small to be a substitutional atom. It could

be either.

4.5 Post Phosphorizing Heat Treatments
After the phosphorizing exposure, the phosphorizing gas was purged from the system with He
where the samples remained at the test temperature for another ten minutes. The rise in temperature
by 6 K is likely benign. Without a flux of P into the sample, the boundary at X1 will stop. Since it
is assumed that the outer layer is supersaturated in P, the P can continue to enter the inner layer to
drive additional cellular growth while some P can escape from the other interface into the He. In

addition, the appearance of v in the inner layer is evidence that P from the outer layers enters the

inner layer to combine with Rh in y; to thicken the « plates in and near the transition region.

Therefore the approximately 25 at.% P in L of the outer layer illustrated in Fig. 10 will combine
with the approximately 37 at.% Rh in the outer layer minus the 12 at.% Rh remaining in y2 to
consume 13 at.% P, while the remaining 7 at.% P will either form additional cellular structure,
combine with y; to thicken existing k plates in the cellular structure, or leave the sample by

vaporizing into the He atmosphere.
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Conclusions

The high temperature corrosion of a Pt-43Rh (Pt-30 wt.% Rh) alloy in a phosphorizing gas was
investigated isothermally at 1285 K. It was found that corrosion takes the form of two distinct
layers: the outer layer microstructure consists of a liquid metal saturated in P and blocky
K ((Pt,Rh)2P) particles, while the inner layer microstructure consists of a cellular structure of
v (fcc) and k plates. Both layers appear to grow at constant rates. The rate at which the reactions
occur suggests a high diffusivity of P in solid-state Pt-Rh alloys, on the order of 10"*2 m?%/s. A
partial Pt-Rh-P phase diagram at 1285 K was constructed from the surrounding binary phase
diagrams and SEM-WDS and EPMA data taken on the microstructures. A diffusion path for the
corrosion reaction drawn on the ternary phase diagram helps explain the microstructural evolution

that is known to degrade Pt-Rh alloy properties.
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