
ScienceDirect

Available online at www.sciencedirect.comAvailable online at www.sciencedirect.com

ScienceDirect 
Procedia Manufacturing 00 (2017) 000–000  

 www.elsevier.com/locate/procedia 

* Paulo Afonso. Tel.: +351 253 510 761; fax: +351 253 604 741  
E-mail address: psafonso@dps.uminho.pt 

2351-9789 © 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 2017.  

Manufacturing Engineering Society International Conference 2017, MESIC 2017, 28-30 June 
2017, Vigo (Pontevedra), Spain 

Costing models for capacity optimization in Industry 4.0: Trade-off 
between used capacity and operational efficiency 

A. Santanaa, P. Afonsoa,*, A. Zaninb, R. Wernkeb 

a University of Minho, 4800-058 Guimarães, Portugal 
bUnochapecó, 89809-000 Chapecó, SC, Brazil  

Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 
2017. 
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract

Additively manufactured nickel superalloy (IN 625) has gained popularity as an alternative to produce high value products of 
complex geometries for high strength applications under high temperature and corrosive environments. Many of these applications 
also demand the alloy to withstand high strain rate plastic deformation before the onset of catastrophic failure. The alloy’s utility 
for high strain rate applications would be compromised if it were to fail suddenly by mechanisms such as adiabatic shear 
localization. This paper evaluates the shear localization behavior of an additively manufactured IN 625, and compares it to the 
behavior of the material of equal nominal composition, but prepared by traditional cast-wrought processing. The evaluation was 
made by imposing pure shear at strain rates of the order of 10,000 1/s in a simple machining configuration. It was found that the 
additive alloy experienced adiabatic shear banding more readily than the cast-wrought counterpart did. This finding contradicted 
predictions based on constitutive models developed for both alloys from split-Hopkinson compression testing, which indicated that 
the additive alloy strain hardened more than the cast-wrought counterpart did.
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1. Introduction

Additive manufacturing is particularly attractive to create 
high-value products that have intricate geometries, which are 
costly or more difficult to create using traditional 
manufacturing methods [1]. In the past years, an evolution from 
rapid prototyping to rapid manufacturing without the need of 
tools, has gained a considerable momentum [2]. However, the 
microstructure of as-built additively manufactured (AM) 
materials is different from that of cast-wrought (cast then 
thermo-mechanically processed) counterparts of equal nominal 

composition. This is primarily due to differences in the thermal 
history experienced by the material during the two distinct 
processing routes. For example, due to rapid changes in 
temperature during the building process, additively processed 
nickel superalloy IN 625 is characterized by dendrite structures 
and compositional variations over length-scales of the order of 
1 µm, which promote the formation of deleterious (brittle) 
precipitates during subsequent stress relief heat treatments [3].
The highly homogeneous composition of the cast-wrought IN 
625 impedes the formation of these precipitates [3]. As a result, 
the strength of AM IN 625 after a low temperature stress relief 
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treatment is comparable to the strength of CW IN 625, but the 
ductility of the AM material is about half of that of the CW 
material [4].

Many studies indicate that additively processed materials 
result in larger strength than cast-wrought processed materials 
[1]. This has been attributed to the rapid heating and cooling of 
the small volumes impacted by the energy source during 
additive fabrication. The fast temperature changes generally 
lead to microstructural refinement, and therefore increased 
strength [5].

Other studies, however, have found that internal defects such
as microvoids may arise from the AM process and affect the 
material strength. Iebba et al. [6] characterized the influence of 
powder feedstock on the formation of microvoids in Ti6Al4V 
additive builds. They concluded that defects in the additive 
build were due to process parameters. However, there were also 
defects similar to those found in the powder feedstock. 
Cunningham et al. [7] linked the formation of spherical 
micropores in additive Ti6Al4V to gas trapped in the powder 
feedstock during the powder fabrication. Valdez et al. [8]
studied the formation of microvoids in additive IN 718 as a 
function of additive process parameters. It was found that
process parameters that yielded higher microvoid concentration 
(lower density) were correlated to piece-wise continuous 
compression stress-strain curves. The first piece showed 
smaller stress/strain slope, resembling behavior from other 
porous media, while the second piece (likely resulting after the 
closing of microvoids) showed normal stress-strain behavior.

The studies available up to date indicate that the 
microstructure and properties of a given material system, after 
processing by additive methods, can vary over a wide range.
The rapid heating and cooling generally associated with 
additive processing promotes ultra-fine microstructures that 
tend to increase strength, but process parameters need to be 
carefully controlled to avoid loss of strength and poor ductility.
Additive materials are distinct from cast-wrought counterparts, 
even if they have the same nominal composition. Processing 
metal alloys by additive methods has focused on a few systems 
including titanium alloys and nickel superalloys. There is a
clear motivation driving the fabrication of components from 
these alloys by additive methods. The motivation is that they 
are used in aerospace and military applications where complex 
geometries difficult to produce by traditional methods are in 
high demand. For these applications, it remains to evaluate the 
effects of additive processing on the mechanical response of
materials under extreme loading conditions of strain, strain rate 
and temperature. For this purpose, pure shear by high speed 
machining offers an attractive platform to impose, 
simultaneously, extreme strains, strain rates and temperatures. 

Cast-wrought alloys of titanium and cast-wrought 
superalloys of nickel have a tendency to experience adiabatic 
shear localization, which results in catastrophic failure, when 
subject to deformation at very high strain rates (usually in 
excess of 104 1/s). Hokka et al. [9] have studied the behavior 
of Ti-6246 and IN 625 during machining under strain rates of 
the order of 104 1/s, and have found that both materials have a 
tendency to produce serrated chips (adiabatic shear bands). 
Cai and Dai [10] observed the same phenomena when 
machining cast-wrought Ti-6Al-4V and IN 718 at cutting 

speed of 10 m/s, which likely resulted in strain rates of the order 
of 104 1/s to 105 1/s.

Ananda-Kumar et al. [11] also observed serrated chips when 
machining additive (AM) and cast-wrought (CW) IN 625 under 
cutting speeds from 2 m/s to 4 m/s. It appeared that the additive 
material experienced more pronounced and more irregular 
serration than the cast-wrought did. However, it was not clear 
if the serration was due to adiabatic shear localization, since the 
chips were not etched to reveal their microstructure. 
Determining the onset of failure by adiabatic shear localization 
is important, as this type of failure is catastrophic [12]. Given 
that the chip serration associated with the AM IN 625 was more 
pronounced and irregular than the chip serration associated with 
the CW IN 625, it was hypothesized that the shear localization 
in the AM and CW IN 625 may be driven by distinct 
mechanisms.

This paper presents a systematic evaluation of the shear 
localization behavior of an additively manufactured nickel 
superalloy (IN 625), and compares it to the behavior of the 
material of equal nominal composition, but prepared by 
traditional cast-wrought processing. The evaluation was made 
by imposing pure shear at strain rates of the order of 104 1/s in 
a high speed machining configuration. The findings to be 
discussed in the forthcoming are relevant to applications 
demanding high strength under extreme loading conditions. 
They also inform post-additive finishing by machining, where 
shear localization may influence tool life, material finish and 
machine tool dynamics.

2. Experimental Details

Two materials were used to perform the machining 
experiments. A cast-wrought nickel superalloy, henceforth 
referred to as CW IN 625, obtained from a commercial source, 
and an additively manufactured nickel superalloy of the same 
nominal composition, henceforth referred to as AM IN 625, 
prepared by laser-powder bed fusion (LPBF) at the National 
Institute of Standards and Technology (NIST).The detailed 
process parameters for LPBF is given in Table 1. Further details 
of the LPBF process can be found in [4, 11]. The certification 
accompanying the CW IN 625 listed an elastic modulus of 205 
GPa, yield stress of 490 MPa, ultimate tensile strength of 930 
MPa, and elongation at breakage of 52 %. The AM IN 625 was 
subject to tension tests in the direction perpendicular to the 
LPBF build axis, and parallel to the direction of motion of the 
recoater. From this testing [4], it was determined that the elastic 
modulus was 179 GPa, the yield stress was 780 MPa, the 
ultimate tensile strength was 1,050 MPa, and the elongation at 
breakage was 36 %. It is noted that these properties were 
measured after a stress-relief heat treatment at 870 °C for one 
hour.

A micrograph of the CW IN 625 is shown in Fig. 1. The CW 
IN 625 had a mean grain size of 15 µm, but it displayed a
mixture of equiaxed and twin grains, and inclusions of carbide 
particles (most likely niobium carbides [13]). This 
microstructure is typical of CW IN 625 [13]. The AM IN 625 
had an ultra-fine dendritic structure with interdendrite spacing 
of the order of 1 µm, and strong composition gradients across 



724 Pavan Bhavsar  et al. / Procedia Manufacturing 34 (2019) 722–730
Author name / Procedia Manufacturing 00 (2019) 000–000 3

the dendrites, as per extensive characterization performed by 
NIST [3, 14].

Table 1. Process parameters of LPBF for AM IN 625.
Parameter Value

Scan Pattern Striped
Stripe Width [mm] 4
Laser Power [W] 195
Scan Speed [m/s] 0.8
Layer Thickness [mm] 0.02
Raster Line Separation/Hatch [mm] 0.1
Atmosphere N2

Tubular workpieces having an outside diameter of 20.1 mm 
and wall thickness of 0.9 mm were subject to machining 
experiments on a custom-built, high-speed and high-stiffness 
lathe. The loop stiffness of the lathe was of the order of 
100 N/µm. The AM IN 625 workpiece had axis of rotation 
parallel to the LPBF build axis. The CW IN 625 workpiece had 
axis of rotation parallel to the extrusion direction. The rotating 
workpiece was fed towards the stationary cutting tool, as 
depicted in Fig. 2b.

Chip morphology was observed ex situ after polishing and 
etching using standard metallography procedures, and by 3D 
profilometry. The machining experiments for observation of 
chip morphology were executed at a constant feed of 
100 µm/rev, with a tungsten carbide tool having a rake angle of 
+5°, flank angle of +6°, and a cutting edge radius 5 µm to 
10 µm. The cutting speed was varied from 2 m/s to 4 m/s.

During the machining, however, the deformation at the 
primary shear zone (PSZ) was observed by ultra-high speed 
photography. To facilitate these observations, a linear table was
used for the machining of rectangular slabs (Fig. 2a). The 
cutting tool (also held stationary) was the same as for the 
machining from which chip morphology was observed 
(tungsten carbide). However, the depth of cut (feed) was 
145 µm, and the workpiece was machined parallel to the AM 
build direction and parallel to the CW extrusion direction. The 
cutting speed was kept constant at 2 m/s.

The stationary tool enabled the observation of the 
deformation at the (PSZ) (Fig. 2a) with an ultra-high speed 
imaging system [15]. The images were used to perform digital 
image correlation (DIC) using a commercial software to 
determine the strain rate imposed by the machining.

The imaging system produced a burst of eight images 
(frames), with inter-frame time of 5 μs. The exposure time for 
each frame was 5 ns. The imaging system was coupled to a 
stereo-microscope to obtain a magnification of 12x. The spatial 
resolution was 1376 pixels horizontally and 1040 pixels 
vertically. Each pixel was a square of side equal to 6.45 μm. 

Therefore, at the working magnification (12x), each pixel 
imaged a square region of the target of side equal to 0.53 μm, 
and the field of view was 739.6 μm horizontally x 559.0 μm 
vertically. The commercial software used for DIC produced the 
maximum shear strain field (𝛾𝛾𝛾𝛾), as illustrated by the color code 
in Fig. 3. The effective strain (𝜀𝜀𝜀𝜀) at every point in the field was 
calculated by:

𝜀𝜀𝜀𝜀 =
1
√3

𝛾𝛾𝛾𝛾

Additional experiments were performed to measure the 
temperature distribution at the chip-tool interface by near-
infrared thermography (near-IRT) [11]. These experiments 
were performed on the lathe, but with a transparent cutting tool 
to gain access to the chip-tool interface (Fig. 2b). The tool was 
made of a yttrium aluminum garnet (YAG) crystal. It had rake 
angle of -5°, flank angle of +5°, and cutting edge radius of 
2 µm. The feed was reduced to 50 µm/rev to prevent tool 
failure, and the cutting speed was varied from 1 m/s to 3 m/s.

Workpiece

Lathe 
spindle

YAG Tool 
holder

Viewing cone

Near-IR camera

Mirror
YAG tool

Rake face
Flank face

DIC camera

Workpiece

WC Tool

Fig. 2. a) Schematic of the setup used for DIC. The tool was made 
of tungsten carbide (WC). b) Schematic of the setup used for near-
IRT. The tool was made of transparent yttrium aluminium garnet 

(YAG) crystal. NOTE: for ex situ observation of chip morphology, 
the lathe depicted in Fig. 2b was used, but a WC tool was mounted 

on it instead of the YAG tool.

a)

b)

Fig. 1. Microstructure of the CW IN 625 material. Polished and etched 
using standard metallography procedures. Imaged with an optical 

microscope.



 Pavan Bhavsar  et al. / Procedia Manufacturing 34 (2019) 722–730 725
4 Author name / Procedia Manufacturing 00 (2019) 000–000

                                                                                          

Fig. 3. Typical maximum shear strain field. Material: AM IN 625. Cutting tool: Tungsten carbide with +5° rake angle, +6° flank angle and 
cutting edge radius ~7.5 µm. Cutting speed = 2 m/s and depth of cut (feed) = 145 µm.

Workpiece

Tool

Average at line AB Average at line CD

Inset

D

A B

CTool

PSZ

Fig. 4. a) Typical effective strain field that develops during the machining of IN 625. b) Effective strain rate profiles through 
the PSZ. Material: AM IN 625. Cutting tool: Tungsten carbide with +5° rake angle, +6° flank angle and cutting edge radius 

~7.5 µm. Cutting speed = 2 m/s and depth of cut (feed) = 145 µm.

C

A B

D



726 Pavan Bhavsar  et al. / Procedia Manufacturing 34 (2019) 722–730
Author name / Procedia Manufacturing 00 (2019) 000–000 5

The effective strain field for a typical PSZ is shown in 
Fig. 4a. The effective strain values within rectangular region 
ABCD are extracted (Fig. 4a, inset). Values at a given distance 
from the PSZ (i.e. along lines parallel to AB and CD) are 
averaged, and the average effective strain at each distance from 
the PSZ is divided by the inter-frame time ( 𝜏𝜏𝜏𝜏 = 5 µs) to 
produce the effective strain rate profile. Typical effective strain 
rate profiles calculated between any two consecutive frames in 
the 8-frame imaging sequence are shown in Fig 4b. The profile 
labeled DIC 1 is calculated between frames 1 and 2, DIC 2 
between frames 2 and 3, DIC 3 between frames 3 and 4, DIC 4 
between frames 5 and 6, DIC 5 between frames 6 and 7, and 
DIC 6 between frames 7 and 8. The DIC between frames 4 and 
5 was dropped due to intrinsic system limitations [15]. The time
between any two consecutive DIC’s was 5 μs, except between 
DIC 3 and DIC 4, which was 10 μs. A typical radiation 
distribution at the chip-tool interface obtained by the near-IRT,
and corresponding mean temperature profile, that is, 
temperature vs. distance from the cutting edge, is shown in Fig. 
5.

Samples were dynamically compressed using the NIST 
pulse-heated split-Hopkinson compression bar [16]. For 
elevated temperature testing, samples were subject to a single, 
short direct current pulse at low voltage from a large battery 
bank (13.2 V). Heating rates of 1000 K/s or more are possible 
with this technique, as is precise control of the shape and 
duration of the thermal history, using feedback-control on 
either the current or the temperature, the latter as measured via 
infrared pyrometry. Graphite foils were used between the 
sample and the bars to eliminate any arcing at the sample-bar 
interface during heating. Stress-strain data were obtained from 
the incident and transmitted strain wave pulses, measured at 2 
MHz, in the usual manner [17], with two noteworthy 
exceptions. First, the foil mechanical behavior was modeled 
and subtracted from the overall response to extract the specimen 
stress-strain behavior for pulse-heated experiments. Details of 
the foil correction method are given in [16]. Second, elastic 
punching correction [17] was employed to account for elastic 
indentation of the bar faces for both heated and ambient 
temperature tests. Finally, mild pulse shaping was used to 
smooth out oscillations associated with the striker impact.

3. Results and Discussion

The Johnson-Cook (JC) parameters obtained from fitting 
flow stress vs. strain and temperature data from split-
Hopkinson compression testing at a constant strain rate are 
shown in Table 2. The table shows strain rate parameters (C 
and 𝜀𝜀𝜀𝜀�̇�𝑜𝑜𝑜) from Hokka [9], who performed more extensive testing 
under a range of strain rates. Table 3 shows material constants 
used in the forthcoming. Figure 6 shows the flow stress vs. 
strain calculated from the JC equation, assuming adiabatic 
heating, with 90 % of the mechanical energy dissipated as heat. 
This energy conversion rate is commonly accepted (see for 
instance Manson et al. [18] ). The mechanical energy balance 
(10 %) is stored as permanent deformation in the material 
lattice. The calculation of flow stress was for the typical PSZ 
strain rate of 3 x 104 1/s. Thermal softening sets in when 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
=

0. This occurs for the strains (instability strains) shown in Table 
4. For these strains, the adiabatic temperature (instability 
temperature) is also given in Table 4. The instability strains and 
temperatures for the CW and AM IN 625 indicate that the CW 
material is expected to experience adiabatic shear banding for 
about the same strain, but lower temperature as the AM 
material.

Table 2. Johnson-Cook parameters, after split-Hopkinson compression testing 
at strain rates given in the table, and strain rate parameters taken from [9]. The 
JC constitutive equation is 𝜎𝜎𝜎𝜎 = (A + B𝜀𝜀𝜀𝜀𝑛𝑛𝑛𝑛)[1 + C𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝜀𝜀𝜀𝜀̇ 𝜀𝜀𝜀𝜀�̇�𝑜𝑜𝑜⁄ )](1− 𝑇𝑇𝑇𝑇ℎ𝑚𝑚𝑚𝑚), where 𝜀𝜀𝜀𝜀
is the strain, 𝜀𝜀𝜀𝜀̇ is the strain rate, 𝑇𝑇𝑇𝑇ℎ is the homologous temperature, and 𝜎𝜎𝜎𝜎 is the 
flow stress.

*From [9].

Table 3. Material constants.
Material Parameter Value
Melting temperature [K] 1623
Density (ρ) [kg/m3] 8440
Specific Heat Capacity (𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝)
[J/kgK] 478

Note: For all calculations, ambient temperature = 𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎= 298 K. The specific 
heat capacity was assumed constant (value for T = 298 K).

JC Parameter AM IN 625 CW IN 625
A [MPa] 709 158
B [MPa] 2366 2337
n 0.726 0.461
C 0.000209* 0.000209*
𝜀𝜀𝜀𝜀�̇�𝑜𝑜𝑜 [1/s] 1670* 1670*
m 1.56 1.65
Test strain rate [1/s] 2500 3250

Fig. 6. Flow stress vs. strain during adiabatic deformation at shear strain 
rate of 3 x 104 1/s.

Fig. 5. (a) A sample image of the radiation emitted by the chip-tool 
interface as seen by the camera, after subtracting background noise 
pixel-by-pixel. Pixels inside the dash rectangle (field of interest) are 

extracted for analysis. Note the left side of this field is the cutting edge. 
The field represents the middle portion of the cut. (d) The radiation in 

the field of interest is converted into temperature, pixel-by-pixel, and the 
mean temperature is plotted as a function of distance perpendicular to 

the tool cutting edge.

a)
b)

Chip flow
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Table 4. Instability strain and temperature for strain rate = 𝜀𝜀𝜀𝜀�̇�𝑜𝑜𝑜 = 3 x 104 1/s.

However, a microstructural analysis of the chips produced 
by machining the CW and the AM IN 625 materials revealed 
that the AM material experienced adiabatic shear banding, 
while the CW material experienced diffuse shear localization, 
far from the catastrophic failure associated with adiabatic shear 
banding. This can be appreciated by comparing Fig. 7a (CW 
chip) and 7b (AM chip), where the same cutting speed (2 m/s), 
and tool rake angle and feed have been used to cut both 
materials.

The macroscopic characteristics of the shear bands are 
shown by the 3D scans of the chips displayed in Figs. 8 a and 
b, for cutting speeds from 2 m/s to 4 m/s. Summary statistics 
characterizing the shear bands, as functions of cutting speed 
from 2 m/s to 4 m/s are shown in Table 5. These include 

minimum chip thickness, maximum chip thickness, shear band-
interspacing length, and shear band frequency. The 3D scans
and the summary statistics indicate that the shear bands 
associated with the AM IN 625 is quite irregular. Note the 
irregular shear bands in Fig. 8b (AM chips), which contrasts 
the very uniform shear bands in Fig. 8a (CW chips). Also, note 
the standard deviations for the shear band-interspacing length 
(Table 5). They are large for the AM chips and small for the 
CW chips.

Table 5. Characteristics of the shear bands.
CW IN 625 AM IN 625
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(m/s) µm µm µm µm kHz µm µm µm µm kHz
2 105±5 134±12 119 67±16 25 112±12 146±16 129 69±30 23
3 110±7 145±9 127 75±12 31 102±16 153±16 127 61±24 39
4 126±12 169±6 147 81±10 34 126±12 160±14 143 60±31 46

AM IN 625 CW IN 625
Instability Strain 1.44 1.41
Instability 
Temperature (K) 494 450

Fig. 7. Lateral views of a) CW IN 625 chip, and b) AM IN 625 chip. Cutting speed = 2 m/s. Polished and etched 
using standard metallographic procedures. Imaged with an optical microscope.

a)

b)

100 μm

100 μm

20 μm

Chip flow
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A closer look at the shear banding behavior of the AM IN 
625 can be obtained from Figs. 9 a to d. As the cutting speed 
changes from 2 m/s to 4 m/s, the shear bands become even 
sharper and more curved than the ones displayed by the CW 
chips (Fig. 8a). The curved appearance of the shear bands 
through the width of the AM IN 625 chips, best seen from the 
micrographs in Fig. 9d is particularly striking. The shear bands 

of the CW material are quite straight through the width of the 
chip (Fig. 8a), for the same cutting speed of 4 m/s.

Thus, the AM IN 625 is not only failing catastrophically by 
adiabatic shear banding, but it is doing so in an unusually 
irregular pattern. This result suggests that the shear bands may 
be produced by defects in the AM IN 625 not found in the CW 
IN 625. We hypothesize that microvoids in the AM material 
may be triggering the shear bands. This hypothesis is consistent 

Fig. 8. (a) Typical CW IN 625 chips. (b) Typical AM IN 625 chips. V = cutting speed.

a) b)

V = 2 m/s
V = 2 m/s

V = 3 m/s V = 3 m/sV = 2 m/s

V = 2 m/sV = 4 m/s V = 4 m/s

Fig. 9. AM IN 625 chips. a) Lateral view, cutting speed = 2 m/s. b) View parallel to the tool rake face, same cutting speed as in a). c) 
Lateral view, cutting speed = 4 m/s. d) View parallel to the tool rake face, same cutting speed as in c). Polished and etched using 

standard metallographic procedures. Imaged with an optical microscope.

100 µm 100 µm

Chip flowChip flow

Shear bands Shear bands

100 µm 100 µm

a)

b)

c)

d)

Chip flow Chip flow
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with the irregular shear band pattern. Microvoids are known to 
be present in AM builds [6, 7, 8]. Also, the small modulus of 
elasticity of the AM IN 625 (179 GPa for the AM IN 625 vs. 
205 GPa for the CW IN 625) suggests that microvoids are 
present in the AM material. A correlation between microvoids 
and reduced modulus of elasticity was noted by Valdez [8].
Controlling AM parameters and application of post-AM 
processing may minimize or eliminate microvoids. 
Characterizing and controlling microvoids, and correlating 
with shear localization behavior is planned for the near future.

Figures 4 a and b illustrate a typical DIC analysis. These 
figures show results from one experiment with the AM IN 625 
material machined at cutting speed of 2 m/s and depth of cut 
(feed) of 145 µm. The strain rate profiles shown in Fig. 4b 
show the progression of strain rates through a total time of 
35 µs. As shown in Table 5, shear banding for this cutting 
speed occurred at a frequency of ~20 kHz. Thus, the imaging 
captured ~70 % of a shear banding cycle. This explains why 
the peak strain rate increases monotonically with time. If longer 
image sequences were available, it is expected that the strain 
rate would show a fully cyclic behavior. The strain rate profiles 
in Fig. 4b also appear to move in space. This behavior is 
consistent with adiabatic shear banding, where the PSZ is 
known to shift in space as a shear band cycle progresses [19].

The maximum effective strain rate at the PSZ for the CW 
material was 3.8 x 104 1/s. The maximum effective strain rate 
for the AM material was 1.8 x 104 1/s. Since the CW IN 625 
showed a more uniform chip thickness than the AM IN 625, the 
strain rate at the PSZ for the CW IN 625 material was measured 
with smaller uncertainty than for the AM IN 625. The 
pronounced adiabatic shear banding in the AM material is 
likely to produce large variations in strain rate. These variations 
were not fully captured since the number of DIC images was 
only sufficient to cover about 70 % of a shear band cycle.

However, for cutting speeds of 1 m/s, 2 m/s and 3 m/s, the 
maximum temperature at the chip-tool interface for the case of 
the CW material was 943 °C, 1045 °C and 1102 °C, while the 
maximum temperature at the chip-tool interface for the case of 
AM material was 959 °C, 1096 °C and 1171 °C. The near-IR 
camera used to measure this temperature had exposure time 
spanning several shear band cycles. Thus, these temperature 
estimates are the result of integrating over whole shear band 
periods, and are thus overall measures of the deformation 
condition experienced by both materials. The higher chip-tool 
temperatures measured for the AM material is consistent with 
the more adiabatic shear banding exhibited by the material, but 
this does not explain the irregular shear localization. Irregular 
adiabatic shear banding may be caused by microvoids.

Current efforts are being directed towards machining AM 
IN 625 under a wide range of strains (by changing the tool rake 
angle), strain rates (by changing the cutting speed and the feed), 
and the tool temperature (by pre-heating and pre-cooling the 
workpiece). This is being performed in order to produce 
constitutive models of the material under actual machining 
conditions, and to determine instability strains. We have 
observed no shear banding when using a tool of rake angle = 
30° to machine the CW material at speed of 1 m/s and feed of 
25 µm/rev. We hope to have a complete analysis in the near 
future.

4. Conclusions

The following conclusions can be drawn from the analysis 
presented herein:
• Johnson-Cook constitutive models for AM IN 625 and CW 

IN 625 developed from split-Hopkinson compression 
testing at strain rate of the order of 103 1/s indicate that the 
AM material should experience less shear localization by 
adiabatic shear banding than the CW material.

• During machining under strain rates of the order of 104 1/s, 
AM IN 625 exhibits well-defined adiabatic shear bands,
while CW IN 625 exhibits diffuse shear banding. This 
result contrasts the prediction based on constitutive models 
developed from split-Hopkinson compression testing 
under strain rates of the order of 103 1/s.

• The AM IN 625 experiences non-uniform shear bands, 
with highly variable spacing between peaks, and non-
straight profile through the width of the chip. The spacing 
between shear bands for the CW IN 625 is highly 
deterministic, and the shear bands are straight through the 
width of the chip.

• As the cutting speed increases from 2 m/s to 4 m/s, the 
frequency of shear banding cycles increases from ~20 kHz 
to ~40 kHz. The deformation at the PSZ can be imaged at 
high strain rates to capture the variation of the strain rate 
over full shear band cycles. An imaging system capable of 
100 frames or more, at frame rates of the order of 300 kHz 
is required to image several shear band cycles. This 
temporal resolution is sufficient to observe variations in 
strain rate between shear bands, but not to track the 
development of a single shear band.

• The tendency to shear banding, the highly variable spacing 
between shear bands, and the non-straight shear band 
profile through the width of the chip exhibited by the AM 
IN 625 suggest that shear localization is triggered by 
microvoids or other defects resulting from additive 
processing. Additional studies are required to assess 
whether these defects control shear localization. The 
observations made so far indicate that caution must be 
exercised when designing components for high strain rate 
loading from additive materials, as they may fail by shear 
instability more readily than components from cast-
wrought materials of the same composition.
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