
 
AFRL-RX-WP-TP-2011-4371 

 
 

ESTIMATION OF GRAIN BOUNDARY DIFFUSIVITY IN 
NEAR-ALPHA TITANIUM POLYCRYSTALS (PREPRINT) 
 
Adam L. Pilchak and Reji John 
 
Metals Branch 
Metals, Ceramics & Nondestructive Evaluation Division  
 
Robert A. Brockman and W. John Porter III 
 
University of Dayton Research Institute 
 
 
 
 

OCTOBER 2011 
 
 
 

Approved for public release; distribution unlimited.  
See additional restrictions described on inside pages  

 
STINFO COPY 

 
 
 
 
 
 
 

AIR FORCE RESEARCH LABORATORY 
MATERIALS AND MANUFACTURING DIRECTORATE 

WRIGHT-PATTERSON AIR FORCE BASE, OH 45433-7750 
AIR FORCE MATERIEL COMMAND 

UNITED STATES AIR FORCE 



REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, searching existing data 
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of 
information, including suggestions for reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson 
Davis Highway, Suite 1204, Arlington, VA 22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a 
collection of information if it does not display a currently valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1.  REPORT DATE  (DD-MM-YY) 2.  REPORT TYPE 3.  DATES COVERED (From - To) 

October 2011 Technical Paper 1 October 2011 – 1 October 2011
4.  TITLE AND SUBTITLE 

ESTIMATION OF GRAIN BOUNDARY DIFFUSIVITY IN NEAR-ALPHA 
TITANIUM POLYCRYSTALS (PREPRINT) 

5a.  CONTRACT NUMBER 

In-house
5b.  GRANT NUMBER  

5c.  PROGRAM ELEMENT NUMBER 
62102F 

6.  AUTHOR(S) 

Adam L. Pilchak and Reji John (Metals Branch/Metals, Ceramics & Nondestructive 
Evaluation Division) 
Robert A. Brockman and W. John Porter III (University of Dayton Research Institute)

5d.  PROJECT NUMBER 

4347 
5e.  TASK NUMBER 

20 
5f.  WORK UNIT NUMBER 

LM121100 
7.  PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8.  PERFORMING ORGANIZATION 

REPORT NUMBER
Metals Branch/Metals, Ceramics & Nondestructive Evaluation Division 
Air Force Research Laboratory, Materials and Manufacturing Directorate 
Wright-Patterson Air Force Base, OH 45433-7750 
Air Force Materiel Command, United States Air Force 

University of Dayton Research 
Institute. 
300 college Park 
Dayton, OH 45469-0101 

AFRL-RX-WP-TP-2011-4371 

9.   SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

Air Force Research Laboratory 

10.  SPONSORING/MONITORING  
        AGENCY ACRONYM(S) 

Materials and Manufacturing Directorate 
Wright-Patterson Air Force Base, OH 45433-7750 
Air Force Materiel Command 
United States Air Force 

AFRL/RXLM 
11.  SPONSORING/MONITORING  
        AGENCY REPORT NUMBER(S) 

 AFRL-RX-WP-TP-2011-4371 

12.  DISTRIBUTION/AVAILABILITY STATEMENT 

Approved for public release; distribution unlimited. 

13.  SUPPLEMENTARY NOTES 

The U.S. Government is joint author of this work and has the right to use, modify, reproduce, release, perform, display 
or disclose the work.  PA Case Number and clearance date: 88ABW-2011-2138, 12 Apr 2011. Preprint journal article to 
be submitted to Scripta Materialia.  This document contains color. 

14.  ABSTRACT 

The role of enhanced grain boundary diffusivity in high-temperature diffusion of interstitial elements through metals is 
widely recognized but poorly characterized in most materials. This paper summarizes an effort to estimate grain 
boundary diffusivity of oxygen in a near-alpha titanium alloy, Ti-6Al-2Sn-4Zr-2Mo-0.1Si, by explicitly incorporating 
microstructure obtained from electron backscatter diffraction into an analytical model. Attention is focused on near-
surface diffusion behavior contributing to the rapid ingress of oxygen and possible crack initiation in high-temperature 
environments. 

15.  SUBJECT TERMS    

grain boundary diffusion; oxidation; micromechanical modeling; electron backscattering. 

16.  SECURITY CLASSIFICATION OF: 17. LIMITATION  
OF ABSTRACT:

SAR 

 NUMBER 
OF 
PAGES 

12 

19a.  NAME OF RESPONSIBLE PERSON (Monitor) 

a.  REPORT 
Unclassified 

b. ABSTRACT 
Unclassified 

c. THIS PAGE 
Unclassified 

        Andrew Rosenberger 

19b.  TELEPHONE NUMBER (Include Area Code) 
N/A 

 
 

Standard Form 298 (Rev. 8-98)   
Prescribed by ANSI Std. Z39-18 

 



Estimation of Grain Boundary Diffusivity in Near‐ Titanium Polycrystals 
Robert A. Brockman,* Adam L. Pilchak, W. John Porter III,* and Reji John 

U.S. Air Force Research Laboratory, Materials and Manufacturing Directorate, AFRL/RXLM, 
Wright-Patterson Air Force Base, Ohio, USA 
*University of Dayton Research Institute, Dayton, Ohio, USA 
 

Abstract 

The role of enhanced grain boundary diffusivity in high-temperature diffusion of interstitial 
elements through metals is widely recognized but poorly characterized in most materials.  This 

paper summarizes an effort to estimate grain boundary diffusivity of oxygen in a near- titanium 
alloy, Ti-6Al-2Sn-4Zr-2Mo-0.1Si, by explicitly incorporating microstructure obtained from 
electron backscatter diffraction into an analytical model.  Attention is focused on near-surface 
diffusion behavior contributing to the rapid ingress of oxygen and possible crack initiation in 
high-temperature environments. 

Keywords:  Grain boundary diffusion; oxidation; micromechanical modeling; electron 
backscattering. 

 

The objective of the present study is to characterize the role of grain boundary diffusivity on the 
ingress of oxygen into α + β processed Ti-6Al-2Sn-4Zr-2Mo-0.1Si (Ti-6242S) in a high 
temperature environment, and to estimate appropriate diffusion properties for use in numerical 
simulations.  The oxygen-rich regions are associated with a significant loss in tensile ductility [1] 
which, under mechanical or acoustic loading, allows for easy crack initiation [2]  

The material of interest, the near-α alloy Ti-6242S, is a two phase titanium alloy consisting of 
hexagonal close packed α phase and body centered cubic β phase. Electron backscatter 
diffraction (EBSD) was used to investigate the microstructure and populate the finite element 

model. As evident in Figure 1, the material consists of about 91 percent   phase, with the 
remainder being β phase.  The microstructure consisted of primarily globular α with a mean 
diameter of 6 µm, although there was a small fraction of acicular secondary α which can be seen 
in Figure 1. The β phase was located primarily at α triple points and thus did not form 
interconnected channels through the material.  In order to estimate grain boundary diffusivity via 
analytical modeling, it was first necessary to obtain experimental concentration profiles. For this 
purpose, wavelength dispersive spectroscopy (WDS) was used to determine the oxygen 
penetration depths in samples subjected to a variety of exposure times. Although it cannot 
provide an accurate concentration of ultra light elements, the energy resolution of WDS is 
sufficient to separate peaks that normally overlap with energy dispersive spectroscopy. Thus, the 
total number of O Kα counts can be obtained as a function of position from the surface making 
this technique useful for establishing an effective oxygen composition profile for a particular 
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exposure time. Because the oxygen concentration trends to a consistent value in the bulk, the 
near-surface O gradient can be measured. 

Two-dimensional finite element models have been generated directly from the EBSD scan data.  
The nodal spacing in the model is 85-100 nm, with grain boundaries represented by one-
dimensional elements having a uniform assigned thickness.  A 35-µm square region of the 
sample is represented in the models.  The grain boundary geometry is represented to the full 
accuracy of the EBSD scan data, with the mesh following the grain boundaries precisely.  

Diffusion properties of the  and  phases, which are represented explicitly in the model, are 
taken to be spatially isotropic, and represented by models of the form 

 iQ /RTi
i 0D (T) D e  (1) 

in which i =  or  is the material phase.  Model constants are taken from the survey by Liu and 

Welsh [3,4] ( 0D =0.45 cm2/sec, Q =200 kJ/mol, 0D =1.6 cm2/sec, Q =202 kJ/mol), giving 

D=2.105×10-4 µm2/sec and D=5.765×10-4 µm2/sec for the 650⁰C condition considered below. 

The significance of grain boundary diffusion depends upon the product of the diffusivity and the 
effective grain boundary thickness; here we will characterize the relative diffusivity of the grain 
boundary in terms of the ratio 

 GB GBk D t / D d  (2) 

in which d is the mean grain diameter (about 6.5 µm for the samples considered herein).  The 

quantity k is proportional to the ratio of diffusivity times area for the grain boundary and the  
phase in a representative cross section [5].  Although the grain boundary diffusivity is likely to 
depend upon the surrounding phases, and may be affected by crystallographic misorientation and 
the associated presence of dislocations, we assume a single value of this property because of the 
lack of any experimental data. 

 

To identify the grain boundary diffusivity ratio of eqn. (2), we first perform a series of 
simulations for several assumed values of k, and compare these with the experimentally 
determined relative concentration map for the maximum exposure time of 420 hours.  Figure 2 
shows that a value of k = 150,000 provides a reasonable representation of the measured data at 
this time.  In the plot, a normalized concentration value equal to unity represents the unexposed 
oxygen content, about 0.107 wt. percent, as determined by x-ray fluorescence spectroscopy.  The 
maximum value of two corresponds to the concentration at the exposed surface of the specimen.  
It should be noted that, since the diffusion model is linear, the oxygen content above the nominal 
value in the model depends linearly upon the assumed concentration at the surface. 

Both the predicted and measured oxygen concentration profiles exhibit oscillations versus depth, 
but the nature of these two behaviors is different.  In the case of the WDS data, the electron 
probe interaction volume is of the order of 3µm and thus may include contributions from 
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multiple constituents if the beam were placed on a grain boundary, for example. Moreover, the 
concentration profile for each exposure time shown in Figure 2 is the average of 20 independent 
line scans on the sample which introduces further variability.  The model data in Figure 2 are 
averages taken along lines perpendicular to the specimen surface at regular intervals into the 
depth.  For large values of the diffusivity ratio k, grain boundary diffusion is much faster than 
diffusion through the grains, so it is common for individual grains to be surrounded by a 
heightened concentration of oxygen which then diffuses slowly into the interior of the grain.  
This effect can be seen clearly in Figure 3, which shows predicted concentration maps at three 
equally-spaced exposure times for the case of k = 150,000.  Oxygen concentrations are 
normalized as in Figure 2.  The resulting average concentration versus depth is non-monotonic.  
For lower values of the ratio k, where grain boundary diffusion rates are more similar to those in 
the grain interiors, this effect is less pronounced, as can be seen in Figure 2.  It should be noted 
that the lower boundary of the model has a no-flow condition imposed, which may affect the 
concentration values slightly within a few microns of this edge.  To simulate longer exposure 
times, either a larger segment of the specimen must be modeled or the lower surface boundary 
condition modified. 

As a test of the model correlation, we use the selected properties (corresponding to k = 150,000) 
and compare average concentration profiles with measured data for several exposure times; see 
Figure 4.  The agreement is quite reasonable, given the variability in the experimental data and 
the relative simplicity of the diffusion model.  Further work is needed to sharpen our ability to 
derive qualitative information from the experimental images, and to refine the analytical model, 
which is temperature-dependent but otherwise strictly linear. 

Correlation of microstructural imaging data and two-dimensional computational results suggest 
that average grain boundary diffusivity in Ti-6242S at 650⁰C is on the order of 105 times larger 
than that of the base material.  Similar values have been reported for aluminum wire [6] and 
polycrystalline nickel [7].  The combined experimental-analytical approach used in this study 
provides a means for a reasonable order-of-magnitude estimation of the influence of enhanced 
diffusion within the grain boundary in polycrystalline materials whose basic diffusion properties 
are known. 
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Figure Captions. 

 

 

Figure 1.  Microstructure at the surface of the Ti-6242S sample represented as a crystal 
orientation map (left) and phase map where the α phase is red and the β phase is green. The 
standard triangles depict the orientation of the α and β phases within the orientation map. 

 

Figure 2.  Normalized oxygen concentration profile at 420 hours (obtained by WDS) versus 
predictions for various grain boundary diffusivity ratios. 

 

Figure 3.  Predicted normalized oxygen concentration maps at 140, 280, and 420 hours. 

 

Figure 4.  Oxygen concentration profiles at selected times for diffusivity ratio k = 150,000. 
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Figure 1.  Microstructure at the surface of the Ti-6242S sample represented as a crystal 
orientation map (left) and phase map where the α phase is red and the β phase is green. The 
standard triangles depict the orientation of the α and β phases within the orientation map.  
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Figure 2.  Normalized oxygen concentration profile at 420 hours (obtained by WDS) versus 
predictions for various grain boundary diffusivity ratios. 
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Figure 3.  Predicted normalized oxygen concentration maps at 140, 280, and 420 hours. 
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Figure 4.  Oxygen concentration profiles at selected times for diffusivity ratio k = 150,000. 

9 
Approved for public release; distribution unlimited.




