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In-Situ High-Energy X-ray Diffraction on Wire Arc Depositions of 308 Stainless Steel 

Additive manufacturing is a burgeoning manufacturing 
technology that takes addvantage of layerwise deposition 
of metal to build up parts in complex shapes. AM tech-
nologies are closely related to welding processes, such as 
cold metal transfer. In wire-fed additive manufacturing, 
feedstock metal is melted and deposited onto a substrate 
in layers, until eventually a full part is built up. The lay-
erwise deposition process can have interesting thermal 
histories, impacting part quality.
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Layerwise deposition of metal usually results in much faster 
solidification rates than traditional manufacturing methods.
The rapid solidification process of AM causes significant 
deviations in material microstructure when compared to 
traditional manufacturing. For example, the high thermal 
gradients and fast cooling rates play a major role in determining 
grain size and defect formation. Other intersting phenomena 
include thermal cycling which occurs during deposition due to 
subsequent layers re-heating and re-crystallizing underlying layers, 
shown on the right. Of interest to this study is that the high 
thermal fluxes through parts result in microstructures which are 
different from traditionally manufactured materials. Accurately 
modeling rapid solidification of metals can be augmented by 
performing in situ measurements of temperature fields during the 
solidification process.  

Temperature Fields In Rapid Solidification

Method: In Situ Diffraction Analysis

Incident X-Rays

Goal: Collected in situ information on:
 - Lattice parameter 
 - Lattice Strain
 - Phase fraction
 - Amorphous scattering from liquid

Welder

Substrate

An 81 KeV X-ray beam was used at the 
1ID Beamline at the Advanced Photon 
Source (APS) to perform in situ 
diffraction investigations on welding 
soldification. A Fronius Cold Metal 
Transfer welder deposited drops and 
lines of Ti-6Al-4V. Diffraction images 
were taken from the point of deposition 
through weld solidification.
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Multiple detectors needed to moni-
tor rapid solidification process
 - Higher refresh rate ASI detector  
 captures dynamics of process,   
 only captures a few diffraction   
 rings
 - Lower refresh rate GE detector  
 has high count statistics for dif  
 fraction rings, misses some dy  
 namics of solidification 
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Two representative diffraction spectra
from the solidification process.
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Scattering of X-rays through liquid produces a characteristics 
‘amorphous’ scatter, as seen in the figure on the left. Fitting a
background function to the intensity of this scatter provides a 
measure of the amount of liquid. Similarly, peak intensity of the 
phases allows quantification of phase fraction through Rietveld
Refinement. Combining these two fits gives an idea of phase 
fraction of all phases during the solidification process.  
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Measuring Temperature from Lattice Strain

Lattice strains were measured by observing peak shift during cool-
down of the weld. Lattice strains for both austenite and ferrite 
phases were measured. These strains can then be fit to a linear
isotropic expansion model, given by

which relates strain to temperature. These fits were computed to 
measure temperature inside the weld during cooldown. 

Phase Fractions, Temperatures, and Cooling Rates
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In situ diffraction analysis reveals both the phase formation characteristics of plasma arc welding as well as the intense thermal

histories experienced in these welds. Figures a-c show the phase formation (plotted on the left hand side) and the temperature

profile (right hand side) for various locations thorughout welds. The purple lines shown correspond to the ferrite and austenite

start temperatures. The observed phase formation matches well with expected temperature readings. Cooling rates and 

temperature gradients across the welds were also measured, shown in figures (d) and (e). The rapid solidification nature of the 

process become apparent. These values can be used to inform modeling efforts of the rapid solidification process.
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