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I. INTRODUCTION 

 
 Metallic sheet and foil are often used for the fabrication of honeycomb and truss-
core structural products exhibiting light weight, high stiffness, and low thermal 
conductivity, or properties that are particularly useful in high-temperature aerospace 
applications. A number of approaches based on deformation or vapor processing have 
been applied for manufacturing such materials from a variety of alloys.  
 
 Wrought methods typically involve multiple heating and forging/rolling steps to 
convert ingot successively to billet, plate, sheet, and foil. Cold rolling in a four-high or 
cluster mill is preferable for final processing of foil materials which have a modicum of 
room-temperature ductility. By contrast, the wrought manufacture of foil of metals 
having limited cold workability must often be accomplished by (1) a series of steps 
comprising cold rolling with intermediate high-temperature anneals or (2) hot pack 
rolling [1, 2]. For foil products, which typically have thicknesses ranging from 100 to 250 

m, hot rolling and heat treatment steps must be designed carefully to ensure gage and 
composition uniformity. For example, at such small thicknesses, finish grinding to 
eliminate gage irregularities or surface contamination may be undesirable because of 
unacceptable losses in product yield.   
 
 Processes such as magnetron sputtering and electron-beam, physical vapor 
deposition (EBPVD) may provide attractive alternatives for making foil of hard-to-work 
alloys. These techniques offer the potential of producing net-shape, thin-gage product in 
a single manufacturing step. Thickness uniformity and composition control are still 
important considerations, however [1]. Moreover, the non-equilibrium nature of such 
processes may require a final high-temperature heat treatment to achieve a stable 
microstructure which is desirable for final service.   
 
 Nickel-base superalloys are among the materials for which there is a growing 
need for foil products having good creep and/or oxidation resistance at temperatures of 
the order of 0.5 – 0.8 of their absolute melting point. Not surprisingly, these alloys 
require special, high-temperature, thermomechanical processing (TMP) for making foil 
[2, 3]. During the hot pack rolling of an emerging class of superalloy which utilizes 
platinum-group metals to improve oxidation resistance, for instance, aluminum loss and 
the concomitant elimination of the gamma-prime pinning phase were postulated as the 
reason for the development of an undesirable coarse, columnar microstructure at the 
surface of foil that was otherwise fine-grained [3]. In related work involving 
thermomechanical fatigue of a single-crystal superalloy material, selective oxidation at 
the free surface led to the development of gamma-prime-depleted zones [4]. Despite 
these prior efforts, the precise effects of environment on the observed subsurface 
phenomena are relatively unexplored.    
 
 The objective of the present work was to establish the effect of environment on 
the mechanism and kinetics of alloying-element losses and concurrent microstructure 
evolution during heat treatments typical of those used for the processing of gamma-
prime-strengthened, nickel-base superalloys. To this end, samples of the superalloy 
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LSHR were exposed in vacuum, air, or argon, and subsequent wavelength-dispersive 
spectroscopy was used to quantify near-surface composition profiles. Although 
specifically designed for service as an aero-engine disk alloy, LSHR was utilized as a 
model material to demonstrate the challenges associated with high temperature 
wrought processing of sheet and foil of the broad class of gamma-gamma prime 
superalloys.  
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II. MATERIAL AND PROCEDURES 

 
A. Material 
 The material used in the present work was the powder-metallurgy superalloy 
LSHR (denoting “low solvus, high refractory”). Originally developed by NASA for high-
strength, high-temperature applications such as jet engine disks, its alloy content in 
terms of aluminum, titanium, and chromium lent itself particularly well to the present 
work. 
 
 The material was received as a 230-mm-diameter billet with a measured 
composition in weight percent of 20.4 cobalt, 12.3 chromium, 3.5 aluminum, 3.5 
titanium, 2.7 molybdenum, 4.3 tungsten, 1.5 niobium, 1.5 tantalum, 0.05 zirconium, 
0.045 carbon, 0.027 boron, balance nickel. It had been produced by standard 
techniques starting with gas-atomized powder with a mesh size less than 400; the 

average powder-particle size was approximately 27 m. Following atomization, the 
powder was subsolvus HIP’ed followed by hot extrusion to a 6:1 reduction. Its gamma-

prime solvus temperature was 1430 K (1157C). The microstructure of the as-received 
material comprised fine, equiaxed (recrystallized) gamma grains whose average size 

was 2-3 m, gamma-prime [(Ni
3
(Al,Ti)-base] precipitates of comparable size, and 

submicron carbides and borides. A fifteen-minute heat treatment at the subsolvus 

temperature used in the present work (i.e., 1408 K or 1135C) resulted in a 

microstructure consisting of gamma grains ~5 m in diameter, ~9 volume pct. of 1.5-m 
diameter primary gamma-prime precipitates, and ~0.3 volume pct. of carbides and 

borides with an average diameter of ~0.3 m (Figure 1) [5, 6].  
 
B. Procedures 
 
 To establish the effect of atmosphere on alloy evaporation and/or oxidation 
without the possibly-confounding influence of impinging diffusion fields associated with 
the exposure of thin foil, bulk samples measuring 12.7 x 13.2 x 6.35 mm were electric-
discharged machined (EDM’ed) from the as-received extrusion. Following EDM, each of 
the plan surfaces was low-stress ground to remove the recast layer and to minimize 
stored work that may affect diffusion.  
 

The LSHR samples were heat treated for 0.25 to 4 h at 1408 K (1135C), or 
conditions typical of those used for heat treatment or hot-pack rolling of superalloy sheet 
and foil. In commercial practice, heat treatment operations are usually done in a 
vacuum or inert-atmosphere furnace. Pack rolling is frequently performed using cans 
which are evacuated-and-sealed, sealed with a small amount of residual air, or left with 
a vent hole allowing ingress of air. These various environmental conditions were thus 
replicated in the present work by conducting experiments in a vacuum furnace or a 
conventional air (box) furnace.  

 
 For vacuum furnace heat treatment, each sample was placed on edge on a sheet 
of tantalum (thereby exposing both 12.7 x 13.2 mm surfaces). The furnace was 
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evacuated to 10-6 torr (~1.3 x 10-9 atmosphere) and heated at a rate of ~25 K/min 

(25C/min) to peak temperature. Following the specified soak period, samples were 

cooled at a rate of ~25 K/min (25C/min).   
 
 Heat treatment in the conventional air furnace was performed using samples 
without and with encapsulation. The former specimens were suspended from a fixture in 
the air furnace using nichrome wire wrapped around the 12.7 mm thick edges. Each of 
the encapsulated samples was placed in a quartz tube measuring 17-mm inner 
diameter, 19-mm outer diameter, and ~114-mm length. The capsules were either 
evacuated using a mechanical pump, thus producing a vacuum of approximately 8 milli-
torr, or backfilled with 99.999-pct.-purity argon or air; the amount of argon or air was set 
at 0.21 atmospheres in order to produce a gas pressure within the capsule of one 
atmosphere at the heat treatment temperature. Each of the furnace heat treatments 
consisted of placing samples/capsules directly into the furnace, allowing 5 minutes for 
heat-up/temperature equilibration (per thermocouple measurements and heat-transfer 
calculations), and soaking for the pre-specified time. After the soak period, most of the 
samples were removed and water quenched to preserve the high-temperature 
microstructure and composition profile. In addition, selected un-encapsulated samples 
were air cooled following heat treatment to avoid rupture and loss of the scale layer 
formed during elevated-temperature exposure. One additional sample, enclosed in an 
evacuated capsule, was subjected to a long time heat treatment (lasting 24 h) to provide 
insight into alloying loss associated with possible interactions with quartz tubing. 
 
 After heat treatment, each sample was sectioned and prepared for metallography 
using standard procedures. Microstructure and composition profiles were determined in 
a Cameca SX-100 scanning-electron microscope via backscattered-electron (BSE) 
imaging and wavelength-dispersive spectroscopy (WDS), respectively. The interaction 

volume for the WDS measurements was estimated as ~ 3 m diameter x ~3 m depth.  
 

At least four composition traverses (two from each plan surface) were made for 
each sample. The data for each sample/alloying element were then smoothed and 
averaged. An example is shown in Figure 2. These results show that the concentration 
profiles were relatively smooth in the region near the free surface at which oxidation 
and/or evaporation had led to depletion of gamma-prime-forming elements (i.e., Al, Ti) 
and hence had yielded a microstructure of gamma and very fine (<< 100 nm diameter), 
uniformly-dispersed, “cooling”  gamma prime (i.e., gamma prime formed during water 
quenching). By contrast, at locations deeper into the material, the microstructure 
contained gamma, relatively-coarse primary gamma prime, and cooling gamma prime. 
This condition gave rise to oscillations in the composition profiles for alloying elements 
that partition between the phases (Al, Ti, Cr); the magnitude of a given oscillation 
depended on the relative amounts of gamma and primary gamma prime contained in 
the interaction volume of the electron beam at the specific location. These oscillations 
occurred about the average composition, and were thus eliminated by smoothing.  

 
The bulk compositions measured by WDS tended to be slightly low (by ~0.25-0.5 

wt. pct.) for aluminum and titanium and slightly high (by ~0.5 -1.5 wt. pct.) for chromium. 
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Because the broad features of alloy loss were of primary interest in the present work, 
these differences did not affect the overall interpretation of the results. 

 
The approximate composition at the exposed (plan) surfaces was also 

determined via WDS using un-mounted halves of selected samples.  
 
Because of mass-balance considerations, the observed subsurface diffusion 

behavior was indeed controlled/mediated by surface reactions such as evaporation and 
oxidation. The kinetics of these processes are discussed in the sections below.  
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III. RESULTS 

 The principal results from this work comprised metallographic observations and 
measurements of concentration profiles developed under the various environmental-
exposure conditions. 
 
A. Metallographic Observations 
 The heat-treatment environment was found to have a noticeable effect on the 
condition of the free surface, weight change, and the microstructure of the LSHR 
samples. For example, visual examination of the surfaces revealed that samples heat 
treated in vacuum were shiny and showed no evidence of discoloration or oxidation 

even after 4 h at 1408 K (1135C)  (Figure 3). Not surprisingly, scale was observed on 
the free surfaces of samples heat treated in air without encapsulation. On the other 
hand, encapsulated samples all showed some degree of dark discoloration but no 
obvious scale layer, irrespective of whether the environment within the quartz capsule 
had been vacuum, argon, or air.  
 
 From a quantitative standpoint, there was a measurable effect of heat-treatment 
environment on weight change. Specifically, there was a weight loss of 8 mg (relative to 

a nominal starting weight of ~8800 mg) for a 4-h exposure at 1408 K (1135C) in the 
vacuum furnace. Unexpectedly, there was also a measurable weight loss for samples 

heated in air at 1408 K (1135C) and then air cooled; this loss was 7 mg or 20 mg after 
0.25 or 4 h, respectively. For samples heat treated in evacuated or argon-backfilled 

capsules for 4 h at 1408 K (1135C), the weight change was relatively small (≤ 1 mg).    
 
 Approximate WDS data for the oxygen content at the free surface (in counts per 
second per nano-amp of beam current) gave insight into the relative degree of surface 
oxidation (Table I). The sample heat treated in the vacuum furnace had essentially the 
same oxygen level as the as-received (EDM’ed-and-low-stress-ground) sample, thus 
suggesting negligible oxygen pickup. By contrast, all of the samples heat treated in the 
air furnace with or without encapsulation appeared to have an oxygen level 
approximately one order of magnitude greater. Furthermore, energy-dispersive (x-ray) 
spectroscopy (EDS) suggested that the surface scale of the sample heat treated in air 
was primarily alumina with perhaps a small amount of an oxide of titanium.    
 
 The microstructures observed near the free surfaces in cross-sectioned samples 
also showed a noticeable dependence on heat-treatment environment. For the samples 
heat treated in the vacuum furnace (Figure 4), for instance, the grain size appeared 
almost unchanged relative to that in the as-received material (Figure 1) and in the base 
metal far from the surface. However, more-detailed observations revealed (1) a zone 
depleted in carbide and boride particles whose depth depended on heat treatment time 

(Figures 4a, b; Table II) and (2) a distinct layer of grains ~5-m thick at the very surface 
of the sample heat treated for 4 h (Figure 4b). These grains appeared to be fine, but 
slightly elongated. Higher-magnification BSE micrographs (e.g., Figure 4c) revealed that 
they imaged darker on average than the gamma grains in the bulk material, thus 
suggesting composition changes that had possibly led to the formation of a layer of 
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single-phase gamma prime. Such an observation was complemented by yet higher-
magnification micrographs (Figure 4d) which showed that the grains immediately 
beneath this surface layer comprised gamma with a very high content of fine gamma-
prime precipitates typical of those formed during rapid cooling from temperatures close 
to the solvus.    
 
 Except for the presence of similar carbide/boride-depleted zones, the 
microstructures developed during heat treatment in air (Figure 5) were quite different 
from those in samples heat treated in the vacuum furnace. The principal differences 
consisted of the presence of a thin layer of scale and a region of gamma grains whose 
size exceeded that of grains in the base metal by a factor of 2-3. The extent of each of 
these features increased with exposure time (Table II). Additional BSE micrographs 
(using modified imaging conditions) revealed the nature of the scale, which appeared 
similar irrespective of whether samples had been air cooled or water quenched 
following heat treatment (Figure 6). Specifically, the scale appeared to comprise dark-
imaging oxide intermixed with metal grains suggestive of the predominance of oxygen 
ingress and reaction along grain boundaries. In addition, the scale showed noticeable 
variation in thickness along the surface (as revealed in cross section, Figure 6c) and 
intermittent regions of what appeared to be scale loss (micrographs of the exposed 
plan-view surface, Figure 6e). These observations thus suggested that the measured 
weight loss during exposure in air was a result of partial scale spallation.  
 
  A third set of behaviors was found for samples heat treated in quartz capsules 
which had been either evacuated (Figure 7) or evacuated and backfilled with argon 
(Figure 8). In both of these cases, no scale was observed, but there was a layer of large 
grains at the surface and a carbide/boride-depleted zone, both of whose depth 
increased with heat-treatment time (Table II). Furthermore, the coarse surface grains 
developed during heat treatment in the evacuated capsule tended to be columnar 
(Figure 7), unlike the largely equiaxed surface grains developed during heat treatment 
in air (Figure 5) or capsules backfilled with argon (Figure 8). Such columnar grain 
structures are reminiscent of those produced during directional recrystallization [7]. 
However, the source of such a microstructural feature in the present work was likely 
related to the temporal evolution of concentration gradients (discussed in the next 
section) and the growth of a gamma-prime-depleted zone in which the grain-boundary 
pinning force was gradually relaxed. 
 
B. Concentration Profiles 

The heat-treatment environment also had a major effect on the chemical 
composition at and near the free surface as quantified by WDS traverses for aluminum, 
titanium, and chromium taken on sample cross-sections.  

 
 For samples heat treated in the vacuum furnace, chromium depletion, as 
indicated by a concentration gradient whose depth below the free surface increased 
with exposure time, was noted (Figure 9). The shapes of the profiles suggested the 
importance of diffusion. However, the temporal variation of chromium content at/near 
the free surface indicated the possible importance of a second mechanism such as 
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evaporation in controlling the loss of this alloying element.  The vacuum-heat-treated 
samples also exhibited higher concentrations of aluminum and titanium near the free 
surface. For the sample vacuum heat treated for 1 h (Figure 9a), these changes could 
be explained on the basis of the chromium loss per se and simple mass balance 
calculations such as the following expression for aluminum: 
 

  CAl =CAlo/(1-CCr ) ,       (1) 
 

in which CAl, CAlo, and CCr denote the initial/final values of the aluminum concentration 
and  the change in chromium concentration, respectively. For a chromium loss of 0.02, 
for example, Equation (1) reveals that the aluminum concentration would increase from 
0.035 to approximately 0.036. However, such an explanation was insufficient to explain 
the surface values of aluminum and titanium for the 4-h vacuum heat treatment (Figure 
9b) despite the large depression in surface chromium content for this trial. Rather, the 
noticeably negative concentration gradient for these two alloying elements was 
suggestive of “uphill” diffusion” due to local changes in chemical potential associated 
with the loss of chromium; this possibility is addressed in Section IV.A.  
 
 For samples heat treated in air, the WDS measurements in the metal substrate 
revealed noticeable concentration gradients for aluminum, titanium, and chromium 
(Figure 10). Similar to the chromium data in Figure 9, the profile depths increased with 
exposure time. However, the concentration of each of the three alloying elements at the 

metal-scale interface (i.e., position = 0 m in Figure 10) varied little with time, thus 
suggesting that local equilibrium between the metal substrate and oxide scale had been 
established early in the oxidation process and subsequently maintained. In fact, the 
three plots for a given alloying element became nearly coincident by normalizing the 
ordinates by the far-field composition (to reduce scatter associated with WDS 
measurements) and the abscissas by the corresponding value of the square root of time 
(Figure 11), thus implying the importance of diffusion in the oxidation process. 
 
 Yet different sets of concentration profiles were found for samples that had been 
heat treated in evacuated capsules or capsules that had been evacuated and then 
backfilled with argon (Figures 12 and 13). In each of these cases, a surface depletion in 
aluminum concentration had developed; the similarity of the plots after normalization of 

the ordinates by the far-field composition and the abscissas by x/ t  (in which x and t 

denote the distance from the surface and the exposure time, respectively) also 
suggested diffusion-controlled behavior (Figure 14). Furthermore, concentration profiles 
for heat treatments using encapsulated samples showed a tendency for the surface to 
be enriched in titanium and depleted in chromium. The depth of the 
enrichment/depletion zones for these elements was comparable to the diffusion depth 
for aluminum.    
 
 The diffusion-limited kinetics for aluminum loss in evacuated capsules suggested 
by the data in Figure 12 were confirmed by observations for the supplemental 24-h heat 

treatment at 1408 K (1135C). Much like the behavior for the vacuum-encapsulated 
samples which were exposed for 0.25 to 4 h, the corresponding concentration profiles 
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for this long-time heat treatment showed a marked gradient in aluminum and surface 
regions which were somewhat enriched in titanium and depleted in chromium (Figure 
15a). Moreover, the aluminum concentration at the free surface and the normalized 
shape of the corresponding concentration profile for the long-time exposure was similar 
to those measured in the shorter-time experiments (Figure 14). Examination of the 
quartz capsule used in this long-time experiment also revealed that a thin residue had 
been deposited on its interior (Figure 15b). The composition of this residue (in atomic 
percent) was determined via EDS to be 38.4 aluminum, 1.3 titanium, and 60.3 oxygen; 
i.e., it was essentially Al2O3. In addition, SEM and EDS examination of the free-surface 
of the heat-treated sample revealed deposits, not evident in cross section, which were 
rich in silicon (Figure 15c).    
 

With regard to cobalt variations, a four-hour vacuum heat treatment produced a 
very shallow layer in which the concentration increased rapidly from ~15 pct. at the 

surface to its bulk value (~20.4 pct.) at a depth of ~3 m. This variation was consistent 

with the formation of a surface layer of gamma prime to a depth of ~4-5 m (Figure 4c, 
d), which is discussed further in section III.A, and the equilibrium solubility of cobalt in 
gamma prime for LSHR. Measurable cobalt concentration gradients were not observed 
for samples heat treated in air or in capsules that had been evacuated or backfilled with 
argon. 



10 
Approved for public release; distribution unlimited. 

IV. DISCUSSION 

 As summarized in the Results section, different types of alloying loss were 
evident for samples heat treated in a vacuum furnace, in an air furnace, or with 
encapsulation in an air furnace. Each behavior is addressed in a separate section 
below. 
 
A. Heat Treatment in a Vacuum Furnace 
 Microstructure observations and concentration-profile measurements (Figures 4 
and 9) indicated that the principal alloying element lost during heat treatment of LSHR 
samples in a vacuum furnace was chromium. The absence of an oxide layer at the 
surface, the retention of the fine gamma-grain microstructure (associated with gamma-
prime pinning precipitates), and the increase in the aluminum and titanium contents at 
the free surface support this conclusion. Hence, the loss of chromium during vacuum 
heat treatment was analyzed in terms of the competition between diffusion of solute(s) 
to the free surface and their subsequent evaporation. 
 

1. Formulation of evaporation model 
 

 The evaporation analysis comprised the solution of the one-dimensional diffusion 
equation for a semi-infinite domain subject to appropriate initial and boundary 
conditions, i.e., 
 

  Ci/t = D2Ci/x2 ,       (2) 
 
in which C

i
 denotes the solute concentration (in kg of solute per m3), t is time, x is the 

distance from the free surface, and D is the diffusivity (i.e., interdiffusion coefficient). 
The formulation of the diffusion equation above assumes that the diffusivity is constant, 
i.e., is not a function of composition. In addition, because of the small amount of gamma 
prime (and carbide/boride phases) at the heat treatment temperature used in the 
present work, diffusion was assumed to occur through a homogeneous nickel solid 
solution. Although such assumptions provide substantial simplification of the analysis, a 
more rigorous treatment would enable the interpretation of discontinuities in 
concentration profiles due to subsurface phase variations/phase changes, etc. [8].  
 
 The initial condition for the diffusion model assumed a uniform initial 
concentration Co, i.e.,  
  C(x, t=0) = C

o
 .       (3) 

 
 The boundary condition comprised the specification of the flux of evaporant from 
the free surface, J

s
 (in kg/m2s), as given by the Langmuir equation [9]: 

 

J
s
 = X

i Pi

0 
i
( M

i
/ 2R T)1/2 .       (4) 
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In Equation (4), X
i
 is the mole fraction of solute i in the alloy, P

i

0 is the vapor pressure of 

pure element i at (absolute) temperature T, 
i
 is the activity coefficient of solute i, M

i
 is 

the molar mass of solute i (in kg/mol), and R is the gas constant. For solutes such as 
chromium (as well as aluminum and titanium) in LSHR, the mole fraction X

i
 is related to 

the concentration Ci to a good first approximation by the relation: 
 

  X
i
 = C

i
/

i
 ,        (5) 

 

in which 
i
 denotes the density of pure solute i. Thus, the flux boundary condition, 

Equation (4), becomes the following: 
 

 J
si
 = C

i
 (P

i

0 
i
/

i
) ( M

i
/ 2R T)1/2 .     (6) 

 

 Denoting (P
i

0 
i
/

Al
) (M

i
/ 2R T)1/2 as 

i
 and noting that the rate of evaporation at 

the free surface (Equation (4)) must be equal to the diffusive flux in the nickel matrix at 
this location, the following expression for the boundary condition is obtained: 
 

   D (C
i
/x) 

surface
 = C

i
 

i
 .      (7) 

 

Defining h
i
  i/D, the boundary condition then becomes: 

 

  (C
i
/x) surface + h

i
C

i
 = 0 .      (8) 

 
 The solution of the diffusion problem described by Equations (2), (3), and (8) 
when diffusion occurs through a semi-infinite matrix is found in Reference 10:  
 

 ]}Dth
Dt2

x
[erfc)]Dthhx{[exp()Dt2/x(erf

)0t,x(C

)t,x(C 2 




 
,
 

(9) 

 
in which erfc denotes the complementary error function. From Equation (9), the 
composition at the free surface (x=0) is the following: 
 

  )]Dth(erfc[)]Dth[exp(
)0t,x(C

)t,0x(C 2





.    (10) 

 
 It may also be readily shown that the total loss of solute due to evaporation is 
given by the following relation: 

 

Weight Loss (kg) = (2AC
o
/h) 

0

u
f [u(exp(u2))(erfc(u))du , (11) 

 



12 
Approved for public release; distribution unlimited. 

in which A denotes the total surface area of the sample, u  h Dt , and u
f
 is the value of 

u at the exposure time t*. 
 

2. Application of evaporation model 
 

 Input data for the diffusion analysis (i.e., diffusion coefficients, vapor pressures, 
densities, molar masses) were obtained from published sources [11-14] (Table III). The 
thermodynamic correction factor for the diffusion coefficient of chromium in nickel solid 

solution was estimated to be approximately unity using the Pandat software and the 

PanNi database (CompuTherm LLC, Madison, WI); activity coefficients for the various 

solutes in LSHR were also estimated using Pandat. As discussed below, values of D 
for lattice diffusion of chromium in disordered nickel solid solution other than that in 
Table III were also examined to interpret the effect of phase type (i.e., lattice diffusion 
through disordered gamma versus lattice diffusion through ordered gamma prime) and 
grain-size (which could lead to apparently higher diffusivity due to boundary diffusion).  
 

 Initial calculations comprised estimates of the evaporant flux at 1408 K (1135C) 
from Equation (6) assuming Ci to be the nominal solute concentration in the alloy (Table 
III). These results indicated that the flux of chromium is two orders of magnitude greater 
than that of aluminum and five orders of magnitude greater than that of titanium. After 
accounting for the surface concentrations developed during heat treatment, the 
chromium evaporation rate was still predicted to be at least an order of magnitude 
greater than that for the other two alloying elements.  These trends can be ascribed 
primarily to the very large activity coefficient of chromium relative to that for aluminum or 
titanium. Such a factor outweighs the effect of the higher vapor pressure of aluminum 
on the flux in comparison to that for chromium. 
 
 Model predictions for the chromium concentration profile based on Equation (9) 
and the material coefficients in Table III were compared to measurements for the 4-h 

heat treatment at 1408 K (1135C) (Figure 16a). The comparison showed approximate 
agreement near the surface but not far from it. Some of the differences can be ascribed 
to uncertainty in the values of the diffusion coefficient for chromium in the LSHR 
superalloy and the possibility that this coefficient is composition/phase/grain-size 
dependent. Hence, a sensitivity analysis was performed in which additional model 
calculations were done assuming a diffusivity two or four times that in Table III. These 
latter predictions showed better agreement with the measurements far from the free 
surface.  
 
 The location-dependence of the diffusion coefficient of chromium which was 
required to provide an approximate fit to the measured concentration profile was likely a 
result of several factors. First, the evaporation of chromium led to the formation of a thin 

layer (~5-m-thick) of gamma prime, an ordered solid solution which would have a 
lower diffusivity compared to a disordered nickel solid solution. In particular, the 

diffusivity of chromium in gamma prime at 1408 K (1135C) is approximately 3 x 10-15 
m2/s [15]. On the other hand, the fine size of the gamma-prime grains would enhance 
solute transport via boundary diffusion [16, 17]. To match the experimental observations 
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at/near the surface, an enhancement of the diffusivity by a factor of approximately 3.3 
would be required (i.e., D = 3.3 x 3 x 10-15 = 10-14 m2/s). This factor is quite similar to 
that required to match the predictions deeper into the alloy in which diffusion occurred 
through an equally fine-grained, but disordered gamma solid solution; i.e., the 
concentration profile seemed to be fit better by D = 4 x 10-14 m2/s, as noted above.  
 

Another factor which may have affected the very near-surface chromium-
concentration profile at longer times was the development of negative aluminum (and 
titanium) concentration gradients (Figure 9b). Because diffusivity cross terms such as 
DCr,Al are positive [18], the negative aluminum/titanium gradients which developed at 
depths of several microns would have partially mitigated the diffusion of chromium to 
the surface. 

 
 Comparison of the measured and predicted surface chromium composition 
provided another test of the applicability of the model. The measured value (in terms of 
C

surface
/C

o
) was approximately 0.16. This compared favorably to a prediction of 0.20 for 

the value of D = 10-14 m2/s, which provided a reasonable fit of the near-surface 
concentration profile through the layer of gamma-prime grains.  
 
 Evaporation model calculations were also performed for the development of 
concentration gradients of aluminum and titanium for the 4-h heat treatment at 1408 K 

(1135C) by neglecting the chemical interactions likely responsible for the near-surface 
uphill diffusion shown in Figure 8b; these model results are shown in Figure 16b. The 
absence of sharp concentration gradients for both alloying elements mirrors the above 
conclusions based on the flux calculation in Table III. 
 
 As a second confirmation of the overall modeling approach, the weight loss 
associated with the evaporation of chromium during a 4-h heat treatment at 1408 K 

(1135C) in the vacuum furnace was estimated from Equation (11) and the value of D in 
Table III (i.e., D = 10-14 m2/s). This calculation yielded a predicted weight loss of 6.5 mg, 
which is in approximate agreement with the measurement of 8 mg. Weight losses 
associated with the evaporation of aluminum and carbon were estimated to be of the 
order of 0.5  mg, thus improving somewhat the agreement between the measurement 
and model prediction. 
 

The chemical source of the near-surface, uphill diffusion of aluminum (and quite 
likely titanium) (Figure 9b) can be interpreted in the context of known thermodynamic 
interactions. Focusing on aluminum, Al and Cr have a positive chemical interaction such 

that the cross-term diffusion coefficient, DAlCr, is positive [18]; Pandat calculations also 
revealed a noticeable positive dependence of the chemical potential of aluminum on 
chromium content. Thus, the combination of a positive DAlCr and a positive and 
significant subsurface Cr gradient (Fig. 16a) can be concluded to have driven 
subsurface diffusion of Al in the negative direction (i.e., toward the alloy surface) and 
hence up its own concentration gradient. Such a behavior is common in multicomponent 
systems [19].  
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 Last, it may be surmised that the development of a layer depleted in carbides 
and borides during heat treatment in vacuum (as well as the other environments) can be 
ascribed to the selective loss of carbon and boron, which are fast-diffusing interstitial 
elements in nickel [20], and not to an abnormally-high flux of refractory/reactive 
elements (such as Nb, Ta, and Ti). Changes in local phase equilibria associated with 
the diffusion of aluminum, titanium, and chromium may also have contributed to 
dissolution/disappearance of the carbides and borides. 
 
B. Heat Treatment in Air 
 The results in Figures 5, 6, 10, and 11 indicated the following: (1) Substantial 
diffusion of aluminum, titanium, and chromium through the metal substrate occurred 
during heat treatment in air; (2) the decreased levels of the gamma-prime forming 
elements (aluminum and titanium) near the metal surface shifted the phase equilibria 
such that the primary gamma prime was dissolved, thus giving rise to a coarse-grain 
gamma microstructure; (3) the depth of the coarse gamma grains (Figure 5, Table II) 
mirrored the depth of the zone depleted in aluminum and titanium for each heat 
treatment time (Figure 10); and (4) the measured weight loss suggested that portions of 
the scale formed during heat treatment had separated from the surface.  
 
 From a quantitative standpoint, the depth of the gamma-prime-depleted zone 
corresponded approximately to the location at which the aluminum and titanium 
contents had each dropped to a concentration of 3 weight percent, or 9/10 of the levels 
in the bulk material. For such a composition change, the solvus temperature was 

estimated from Pandat to be 1129C, a value close to the heat-treatment temperature. 
 
 The similarity of the concentration profiles when the abscissas were normalized 
by the square root of time (Figure 11) suggested that solute transport through the nickel 
solid solution was diffusion-controlled for each alloying element. Furthermore, the 
concentration profiles for the three different elements each showed a similar penetration 
depth for a given heat treatment time, thus suggesting similar engineering diffusivities. 
An estimate of the pertinent diffusivity was obtained using the 1-D diffusion equation 
again (Equation (2)) with the initial condition being Equation (3). Per Figures 10 and 11, 
the boundary condition appeared to be that the concentration at the metal-scale surface 
interface was constant, i.e., C

s
. The solution for this problem, assuming a stationary 

alloy/scale boundary as a reasonable approximation [21], is the following: 
 

        
)Dterf(x/2

C-C

C-t)C(x,

So

S   .      (12)  

 
Taking D = 4 x 10-14 m2/s, the solution (Equation (12)) showed relatively good 
agreement with the measurements summarized in Figure 10. As noted above, diffusivity 
cross terms (such as DAl,Cr and DCr,Al) are positive [18]. Because the aluminum, titanium, 
and chromium concentration gradients are all positive, the fitted value of D thus 
incorporates the influence of diagonal and off-diagonal diffusion coefficients.    
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 Because samples heat treated in air had shown a weight loss (rather than a 
weight gain due to reaction with oxygen) and an irregular layer of scale, the net fluxes 
associated with the concentration profiles for aluminum, titanium, and chromium were 
determined. Specifically, the net flux at the free surface J

s
 (in kg/m2) was determined 

from by the following expression derived from Equation (12): 
 

      
Js =  - D   

t

0 x

C
s

 dt =  - D (C
o
-C

s
)



t

0 Dt

dt
 = - [ 2 (C

o
-C

s
) D/ ] t  .  (13) 

 
Taking C

s
 to be 120, 120, and 720 kg/m3 (i.e., 1.5, 1.5, and 9 w/o), the predicted weight 

change (= net flux x surface area) for the samples exposed in air for 4h was estimated 
to be 2.7, 2.7, and 6.2 mg for aluminum, titanium, and chromium, respectively. The total 
weight loss (2.7 + 2.7 + 6.2 = 11.6 mg) was less than the measured value of ~20 mg for 
this heat treatment time, however. Hence, it may be surmised that some of the 
oxide/base metal was lost from the surface due to the intergranular nature of the 
oxidation process (Figure 6d). In this regard, a 20-mg decrease in weight would 

correspond to merely a 3.7-m-thick layer of metal loss if it were uniformly distributed 
around the sample surface. The non-uniform thickness of the scale and the somewhat 
rough, scalloped surface topography of the samples heat treated in air (Figure 6), which 
contrasts with the very smooth surfaces for samples heat treated in the vacuum furnace 
or in capsules in the air furnace (Figures 4, 7, 8), suggested, however, that occluded 
gamma grains and intergranular layers of oxide were lost due to partial scale spallation 

during cooling following heat treatment at 1408 K (1135C). 
 
 It may also be hypothesized that the chromium loss during heat treatment in air 
may have been exacerbated by volatilization. Estimates based on the work of Stearns, 
et al. [22] suggest however that such a loss would have been small, particularly in view 
of the possibly viscous nature of the gas and departures from ideality. 
 
C. Heat Treatment in Evacuated or Argon-Backfilled Capsules 
 LSHR samples heat treated in quartz capsules which were evacuated or 
evacuated and backfilled with argon exhibited (1) a scale-free, but discolored (and 
silicon-contaminated) free surface and (2) a gamma-prime depleted, coarse-grain 
microstructure and noticeable loss of solely aluminum near the surface. Similar to the 
samples heat treated in an air environment, the depth of the coarsened microstructure 
correlated with the penetration depth of the aluminum concentration profile. 
 
 The absence of scale of a measurable thickness for encapsulated samples can 
be rationalized assuming that all of the oxygen within a given capsule combined with 
aluminum, titanium, or chromium. Neglecting initially the possible decomposition of 
silica comprising the quartz capsule, in the worst case scenario (i.e., a capsule 
backfilled with 0.211 atm of air), there would have been 1.46 mg of oxygen within the 
capsule, resulting in an oxide volume of approximately 8 x 10-14 m3 , irrespective of 
whether it was alumina, rutile, or chromia. For samples of the size used in the present 
work, the thickness of a uniform layer of scale with this volume would be approximately 
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1 m. For the evacuated capsules or those backfilled with high-purity argon, similar 
calculations revealed that the oxide layer would be approximately four orders of 
magnitude thinner, i.e., in the range of angstroms. 
 
 The small volume of the heat-treatment capsule was concluded to be a major 
factor in the absence of concentration gradients for titanium and chromium. In particular, 
the mass flux and time required to achieve the equilibrium vapor pressure P* for each 
alloying element was estimated based on (1) its nominal (bulk) composition/activity 

coefficient, (2) Raoult’s Law (P* = 
i
X

i
P

i

o), (3) the ideal gas law (P*V* = nRT, in which V* 

denotes the volume of the capsule, and n is the number of moles of gas), (4) the 
Langmuir equation, and (5) the surface area of the sample. These estimates (Table IV) 
showed that the evaporant flux was quite small and the equilibrium vapor (partial) 
pressure for both chromium and titanium was achieved in much less than 1 s at 1408 K 

(1135C). 
 
 For aluminum, the time to achieve the equilibrium vapor pressure was also 
predicted to be very short, i.e., << 1 s. From a thermodynamic viewpoint, however, 
Ellingham diagrams revealed that alumina has a considerably lower free energy than 
silica (quartz) [23]. By contrast, the free energies of formation of rutile or chromia are 
either comparable to or much greater than that of silica, respectively. Hence, it may be 
hypothesized that aluminum vapor in the capsule reacted with the silica to form alumina. 
This conclusion was supported by the observation of an alumina deposit on the inner 
diameter of an evacuated quartz capsule which had been used to heat treat an LSHR 

sample for 24 h at 1408 K (1135C) (Figure 15b). However, it is unclear whether such a 
reaction was the source of the silicon found on the surface of heat treated samples 
themselves (Figure 15c) or whether silica from the quartz tube had evaporated and/or 
decomposed and then reacted with the sample surface. Similar phenomena have been 
observed before [24], but warrant further research. 
 
 The similarity of the aluminum concentration at the surface of samples heat 
treated for 0.25, 1, 4, or 24 h (Figures 12 and 15a) suggested that equilibrium between 
the metal surface composition, the vapor phase, and the quartz capsule was achieved 
early in the heat treatment. As revealed by the similar normalized concentration profiles 
for aluminum (Figure 14), evaporation of aluminum (and the formation of alumina) would 
have occurred at a decreasing rate with time due to the decreasing concentration 
gradient at the free surface. Furthermore, the limited/mild titanium and chromium 
concentration gradients developed in the evacuated-capsule heat treatments indicates 
that the cross effects of these elements on the diffusion of Al to the surface was 
relatively small. 
 

The present results and interpretation suggest the possible efficacy of 
reducing/eliminating aluminum loss by use of alumina, rather than quartz, capsules. For 
other heat-treatment environments (e.g., vacuum and air), however, it appears that 
limiting the processing time and temperature is the only viable means of minimizing the 
loss of alloying elements at the surface. Alternatives based on alloy modification may 
provide another approach. In this regard, it has been noted previously [3] that the 
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addition of even platinum-group-metal (PGM) alloying elements, commonly used for 
environmental protection in service, does not prevent surface reactions under 
processing conditions similar to those reported herein for LSHR. By contrast, non-
wrought-processing approaches, such as those based on vapor processes [25], have 
been proposed as means to make foil products and may enable the avoidance of 
detrimental high-temperature exposure of the type investigated in the present work. 
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V. SUMMARY AND CONCLUSIONS 

 Samples of the nickel-base superalloy LSHR were heat treated at 1408 K 

(1135C) in a vacuum furnace, in an air furnace, or in quartz capsules that were 
evacuated or backfilled with argon to establish the alloying losses at the free surface. 
The following conclusions were drawn from this work: 
 
 1. Exposure in a vacuum furnace results primarily in the evaporation of chromium 
due to its high activity coefficient relative to those of aluminum and titanium. The 
chromium loss, coupled with enrichment in aluminum and titanium, leads to the 
development of a surface layer of fine gamma-prime grains and the preservation of a 
fine gamma grain structure beneath this layer. The development of such a surface 
microstructure via vacuum heat treatment can serve as the basis for the formation of 
oxidation-resistant, in-situ coatings. 
 
 2. Exposure in air leads to the formation of an oxide-metal scale and substantial 
losses of aluminum, titanium, and chromium to similar depths, thus suggesting 
comparable diffusivities for these three alloying elements. The loss of aluminum and 
titanium results in the development of a surface layer in the metal which is depleted of 
the gamma-prime pinning phase and hence gamma grains which are much coarser 
than in the bulk of the material. 
 
 3. Exposure in laboratory-scale, quartz (silica) capsules which are evacuated or 
backfilled with high-purity argon leads to rapid equilibration of the vapor pressures of 
aluminum, titanium, and chromium. The much lower free energy of alumina relative to  
silica appears to result in a reaction between the aluminum vapor and the capsule and 
hence the development of substantial aluminum loss at the surface of superalloy 
samples. 
 

4. A layer depleted in carbide/boride particles is developed during heat treatment 
irrespective of the heat-treatment environment. The depth of this layer mirrors that of 
the zone depleted in the aluminum, titanium, and/or chromium.  
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Table I. Approximate Relative Oxygen Content on Free Surface of  

LSHR Samples Heat Treated at 1408 K (1135C) 

Atmosphere 
Exposure 
Time (h) 

Oxygen 
(cps/na)* 

None (As Rec’d) --- 1.15 

Vac Furn 4  1.30 

Air (AC) 1 23.7 

Air (WQ) 0.25  17.3 

Air (WQ) 4 18.8 

Evac caps 0.25 15.6 

Evac caps 4 19.2 

Air caps 0.25 12.3 

Argon caps 0.25 11.6 

Argon caps 4 15.2 

   * cps/na = counts per second per nano-amp of beam current; 
      AC = air cooled, WQ = water quenched 
 

Table II. Metallographic Observations for LSHR Samples 

Heat Treated at 1408 K (1135C) 

Atmosphere 
Exposure 
Time (h) 

Scale Thick 

(m) 

Big Grains 

Layer (m)  

Carbide-Free 

Layer (m) 

Vac Furn 1 --- --- 11 

Vac Furn 4 --- --- 67 

Air 0.25 4.5 13.5 --- 

Air 1 5.5 30 --- 

Air 4 7 44.5 55 

Evac Caps 0.25 --- 9 17 

Evac Caps 1 --- 16 25 

Evac Caps 4 --- 41 62 

Argon Caps 0.25 --- 0 6 

Argon Caps 1 --- 17 16 

Argon Caps 4 --- 39 44 
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Table III. Input Data for Evaporation Calculations at 1408 K (1135C) 

Solute: Cr Al Ti 

D (m2/s) 10-14 3.7x10-14 2 x 10-14 

Po (Pa) 0.0076 0.260 0.0001 

(kg/m3) 7150 2700 4505 

M (kg/mol) 0.052 0.027 0.0479 

 2.44 0.0008 0.007 

C (kg/m3)* 980 280 280 

J (kg/m2s)** 2.1x 10-6 1.3x10-8 3.5x10-11 

*  Solute content based on nominal alloy composition  
    and alloy density of 8000 kg/m3. 
** Flux, J, based on Equation (6). 

 

 

Table IV. Estimates of the Time Required to Achieve the Equilibrium  
Vapor Pressure for Encapsulated LSHR Samples 

Solute: Cr Al Ti 

Po (Pa) 0.0076 0.260 0.0001 

 2.44 0.0008 0.007 

X 0.137 0.075 0.042 

Evap for Equil Vapor 
Pressure (kg) 

2.9x10-13 9.3x10-16 3.2x10-18 

[Ci Pi
0 

i
/i] ( Mi/ 2R T)1/2 

(kg/m2s) 

2.1x10-6 1.3x10-8 3.5x10-11 

Time for Equil (s) 0.0002 0.0001 0.0001 
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Figure 1. Backscattered electron micrograph of LSHR program material that was water 

quenched following a 15-minute heat treatment at 1408 K (1135°C). The 
coarse, equiaxed grains are gamma, the medium-size black particles are 
primary gamma-prime precipitates, and the fine white/gray particles are 
carbides and borides.  
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Figure 2. Aluminum concentration profiles as a function of distance from the free 

surface for an LSHR sample heat treated in air for 4 h at 1408 K (1135°C) 
and water quenched: (a) Original measurements and (b) corresponding data 
that have been smoothed and averaged.  
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Figure 3. Macrograph of LSHR samples heat treated for 4 h at 1408 K (1135°C) in a 

vacuum furnace or in an air furnace with or without encapsulation as 
indicated.  
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Figure 4. Micrographs of sectioned LSHR samples which were heat treated in a 

vacuum furnace at 1408 K (1135°C) for (a) 1 h or (b, c, d) 4h. The fine lines 
normal to the surface in (a) (and other micrographs) are the residue (”burn 
marks”) associated with WDS composition traverses. 
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Figure 5. Micrographs of sectioned LSHR samples which were heat treated without 

encapsulation in an air furnace at 1408 K (1135°C) for (a) 0.25 h, (b) 1 h, or 
(c) 4h. 
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Figure 6.  Micrographs illustrating the surface scale on LSHR samples which were heat 

treated without encapsulation in an air furnace at 1408 K (1135°C) for 4 h 
followed by (a, b) water quenching or (c, d, e) air cooling. The micrographs 
were taken from (a-d) sample cross sections or (e) the plan-view (free) 
surface. 
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Figure 7. Micrographs of sectioned LSHR samples which were heat treated in 

evacuated quartz capsules in an air furnace at 1408 K (1135°C) for (a) 0.25 
h, (b) 1 h, or (c) 4h. 
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Figure 8. Micrographs of sectioned LSHR samples which were heat treated in quartz 

capsules backfilled with argon in an air furnace at 1408 K (1135°C) for (a) 
0.25 h, (b) 1 h, or (c) 4h. 
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Figure 9. Concentration profiles for aluminum, titanium, and chromium as a function of 

distance from the free surface for LSHR samples which were heat treated in 
a vacuum furnace at 1408 K (1135°C) for (a) 1 h or (b) 4h. 
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Figure 10. Concentration profiles for aluminum, titanium, and chromium as a function of 

distance from the metal-scale interface for LSHR samples which were heat 
treated without encapsulation in an air furnace at 1408 K (1135°C) for (a) 
0.25 h, (b) 1 h, or (c) 4h. 
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Figure 11. Concentration data for aluminum, titanium, and chromium as a function of 

distance from the metal-scale interface normalized by the square of 
exposure time for LSHR samples which were heat treated without 
encapsulation in an air furnace at 1408 K (1135°C). 

 

May change/normalize ordinate scales to C/C∞ 
to reduce scatter due to microprobe drift/errors. 
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Figure 12. Concentration profiles for aluminum, titanium, and chromium as a function of 

distance from the free surface for LSHR samples which were heat treated in 
evacuated quartz capsules in an air furnace at 1408 K (1135°C) for (a) 0.25 
h, (b) 1 h, or (c) 4h. 
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Figure 13. Concentration profiles for aluminum, titanium, and chromium as a function of 

distance from the free surface for LSHR samples which were heat treated in 
quartz capsules backfilled with argon in an air furnace at 1408 K (1135°C) for 
(a) 0.25 h, (b) 1 h, or (c) 4h. 
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Figure 14. Concentration data for aluminum as a function of distance from the free 

surface normalized by the square of exposure time for LSHR samples which 
were heat treated in evacuated quartz capsules in an air furnace at 1408 K 
(1135°C). 
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Figure 15.  Observations for an LSHR sample heat treated in an evacuated quartz 

capsule in an air furnace at 1408 K (1135°C) for 24 h: (a) Concentration 
profiles for aluminum, titanium, and chromium as a function of distance from 
the free surface and (b) macrograph indicating discoloration of inner 
diameter of capsule. 
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Figure 16. Evaporation model calculations for the development of concentration 

gradients during a 4-h heat treatment at 1408 K (1135C) in a vacuum 
furnace for (a) chromium or (b) aluminum and titanium. 
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