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X-ray computed tomography (XCT) has been increasingly used for dimensional metrology. However, the impact of systematic errors has not been well studied,
owning to complex interaction between X-ray with matters. Unlike conventional contact dimensional metrology techniques, XCT has unique systematic errors,
including scattering, beam hardening, cone beam errors etc. The impact of these systematic errors on dimensional metrology is an on-going research topic. At
the United Kingdom’s National Physical Laboratory, a set of reference samples have been developed to study the impact of these systematic effects, especially
when measuring industrial components. A range of samples have been developed, including the stair case reference sample, the additive manufacturing (AM)
reference sample, the large industry reference sample and etc. Establishment of reference data for XCT using traceable measurement instruments and the
applications of these samples in investigating the impact of systematic effects is reported below.

Industrial reference sample

Industrial components are often more complex than designed reference samples. Above is a typical off-the-shelf industrial

sample. The sample has cylinder features that are in orthogonal directions. These features can also be accessed by

conventional CMS for reference purposes.

Industrial components using advanced

manufacturing techniques, such as AM,

include geometries such as plane, sphere,

cylinder and freeform. These features may

not be accessible to conventional

measurement techniques. Industrial

components built by AM may also have

complex surface textures that are different to
conventional machined surfaces. AM sample with various features

Courtesy of Renishaw

Cone beam error is a systematic error of

common cone beam XCT due to simplified

mathematical model during reconstruction. The

error can be noticeable when the angle of

incident beam is large.

XCT has the potential to provide non-destructive, non-contact

dimensional measurements to many industrial components.

However, the dimensional metrology infrastructure of this technique

is not established and the impact of systematic errors on

dimensional measurements is not fully understood. Systematic

errors that are unique to XCT, such as beam hardening, scattering,

cone beam errors etc. are different to convectional coordinate
measurement instruments, need to be considered.

AM mirror for space, Courtesy of UKRI-

STFC-UKATC, University College London 

and University of Durham

The measurement of AM surfaces using

conventional contact measurement equipment is

also challenging. Below is an illustration of impact

of contacting probe on the AM surfaces.

Beam hardening is a systematic effect

associated with XCT with polychromatic X-ray

source. Below is an example of beam

hardening effect.

Cross section images CMS measurement and point cloud of the measurement

Ref: Shan Lou, Wenjuan Sun, Stephen Brown, et al. Simulation for XCT and 

CMM Measurements of Additively Manufactured Surfaces. 2018 ASPE and 

euspen Summer Topical Meeting Advancing Precision in Additive 

Manufacturing, Lawrence Berkeley National Laboratory, Berkeley, 

California, USA

 

 

Workpiece

Workpiece surface profile

Closing envelope

Illustration of geometry of a 

cone beam system and 

associated incident angle

Scattering effect on the AM 

reference sample 

Effect of beam hardening on a sphere sample. Top, cross 

section of the reconstructed sphere, Middle, grey value 

profile across the sample, Bottom, X-ray spectrum with 

different thickness of filter.

Surface form deviation due to a 

large incident angle

The staircase reference sample has been

designed and manufactured at NPL. The

core of the staircase reference sample is a

compound of a fan and a cylinder into a

keyhole shape.

A range of these core parts are then stacked

together in a corkscrew fashion with respect

to the central fixing pin. The design of the

staircase is to characterise the impact of

systematic errors on industrial components

within the measurement volume. Surfaces

along and perpendicular to rotational axis at

different height can characterise systematic

errors are associated with incident X-ray

angles.
Staircase reference sample, 

designed by NPL

The design of the additive manufactured

(AM) reference sample is to investigate the

systematic effects on both external and

internal surfaces. Both conventional

machined surfaces and additively

manufactured surfaces are available for

comparison purposes. The tooling spheres at

the supporting stage is to provide reference

for coordinate measurement system (CMS)

and XCT. The sample is available in a range

of materials, including aluminium and copper.

Data extrapolated from XCT 

measurement, distortion of top 

surface due to systematic errors Contact measurements
AM reference sample, designed by NPL

Scatter occurs when X-

ray interacts with the

electrons of the electron

shell.

For common industrial

XCT, where X-ray has a

energy between 100kV

to 750kV, there are

Compton scattering and

Rayleigh scattering.
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