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1. About the Meeting 

1.1 Meeting Overview 

The 2019 Department of Defense (DOD) Steel Summit, held on 7‒8 November 2019 
at the Mallette Training Facility in Aberdeen Proving Ground, Maryland, was hosted 
by the Weapons and Materials Research Directorate (WMRD) of the US Army 
Combat Capabilities Development Command (CCDC) Army Research Laboratory 
(ARL). This was the third annual DOD Steel Summit, which stemmed from an 
expansion of the US Air Force Research Laboratory’s (AFRL) Steel Munitions 
Summit. The primary objective of the summit was to bring together defense, industry, 
and academic communities engaged in the production, use, and research of steel 
alloys relevant to military applications to better advance the development and 
integration of steels to accomplish current and future Warfighter needs.  

The 2019 summit comprised technical briefings, panel discussions, and poster 
sessions, as outlined topically in Table 1. The 19 technical briefings were presented 
in 5 different topical sessions and 4 panel discussions were held at the conclusion 
of the relevant technical sessions. There were two poster sessions during which 19 
posters were presented by their authors. Dr Scott Schoenfeld, WMRD Chief 
Scientist and Senior Research Scientist for Terminal Ballistics, welcomed the 
attendees at the opening of the summit.  

Table 1 2019 DOD Steel Summit agenda 

Date Start time Description 
7 NOV 2019 0830 Opening and Welcome 

 0845 Session A: Development and Integration of New Steels in DOD 
Assets 

 1130 Panel: Development and Integration of New Steels in DOD 
Assets 

 1200 Lunch Break 
 1315 Session B: Castings 
 1430 Poster Session 
 1530 Session C: Welding 
 1645 Panel: From Material to Materiel: Casting Qualification, 

Welding, and Machining 
 1715 Conclude Day 1 
 1830 No-Host Dinner at the Greene Turtle 

8 NOV 2019 0830 Session D: High Alloy Steels 
 0945 Poster Session 

 1045 Session D (continued) 
 1135 Panel: Alloy Development and Characterization Challenges 
 1205 Lunch Break 
 1315 Session E: Additive Manufacturing 
 1430 Panel: Agile Manufacturing in the DOD 
 1500 Wrap-Up and Conclude 
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1.2 Meeting Attendance 

The summit was attended by 140 persons representing more than 60 different 
government, academic, and industrial organizations (Appendix A: Meeting 
Attendance). The value of the summit to the attendees was enhanced by the 
experience and diversity brought to the briefings, through the posters and 
discussions by the attendees. The organizations represented by panelists or 
authorship of oral and poster briefings are shown in Fig. 1. A group photo was taken 
following the poster session on the second day (Fig. 2).  

 

Fig. 1 Logos of organizations represented by panelists or authorship on oral and poster 
briefings 
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Fig. 2 Group photo from the second day of the DOD Steel Summit (93 of 140 attendees 
pictured) 

Over the past three years, more than 200 different people have attended at least one 
DOD Steel Summit, with an increasing number attending each year as the summit 
content becomes more inclusive and the event becomes better publicized. The 
breakdown of new and returning attendees is shown in Fig. 3.  

 

Fig. 3 DOD Steel Summit attendee profile history: new and returning attendees 

The meeting attendee affiliation has consistently included the DOD, other 
government agencies (OGAs), industry, and academia (faculty, postdoctoral 
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associates, and students), although the balance of each of these sectors has shifted, 
as seen in Fig. 4.  

 

Fig. 4 DOD Steel Summit attendee profile history: affiliation 

1.3 Attendee Feedback: Post-Event Survey 

A post-event survey was sent out to all attendees the week after the Steel Summit 
to gauge the utility of the summit in various aspects as well as aid in planning future 
summits. Over the following two months, 71 responses were received from the 140 
attendees indicating a 51% response rate. Attendees were invited to answer in a 
freeform format what their “primary objectives” were for the summit as well as 
what their “most important takeaway” was after having attended the summit. The 
primary reasons for attending the summit were the following: network, learn about 
current DOD steel research and research trends, and identify DOD material and 
technology development needs. The key takeaways reported by the respondents 
largely suggested that the attendees were successful in these objectives, with 
respondents commenting on their newly established network contacts, better 
understanding of service-specific constraints and application spaces, and optimism 
for the future of steel development and implementation in the DOD. 

Respondents also commented on the things that went well and were generally 
consistent with responses such as the following: 
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• “It felt professional and well run. I liked the panels and poster section and 
the times when candid conversation was able to occur.” 

• “Excellent mix and balance among DOD metallurgists, specifiers, steel 
suppliers, steel users, and academics. And the not-too-formal attitude taken 
by the moderators that facilitates questions and exchanges.” 

• “Good and growing venue. Clearly this event is filling a vacuum.” 

• “Gathering experienced scientist and engineers that push really interesting 
discussions.” 

• “You have a winner. Make sure leadership knows. Let us know if we need 
to carry the message to anyone. Build on it. I guarantee you the Warfighter 
is going to see benefit form this is innovation speed, cost, and deployment.” 

The feedback for improving the value of the summit was also beneficial but more 
scattered and often contradicted other suggestions. The organizers of the 2020 DOD 
Steel Summit will be working with this and other feedback as they begin the 
organization process. 

To better interpret the survey responses, the respondent profile was also analyzed. 
Most of the responses were from individuals who attended both days of the Steel 
Summit (Fig. 5) and were generally more closely affiliated with the Army, although 
both the Air Force and Navy had substantial representation as well (Fig. 6).  

 

Fig. 5 Daily attendance as reported in the post-event survey 
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Fig. 6 Primary service affiliation as reported in the post-event survey 

The survey respondents came from a broad range of experience both in the field 
and formal education (Figs. 7 and 8), as well as a wide geographic range (Fig. 9). 

 
Fig. 7 Experience level of attendees based on the post-event survey 

 
Fig. 8 Attendee education level as recorded by a post-event survey 
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Fig. 9 Geographic distribution of attendees as recorded by the post-event survey  

2. Technical Content 

The two-day summit was divided into technical sessions with related oral briefings 
followed by a panel discussion and one poster session break each day, as outlined 
earlier in Table 1. The first day’s morning session was related to the “Development 
and Integration of New Steels in DOD Assets” and the afternoon session’s oral 
briefings were on the topics of casting and welding, with a closing panel discussion 
on “From Material to Materiel: Casting Qualification, Welding, and Machining”. 
The second day of the summit opened with oral briefings on “High Alloy Steels” 
followed by a panel discussion on “Alloy Development and Characterization 
Challenges”. The final technical session and panel discussion of the summit were 
on the topics of “Additive Manufacturing” and “Agile Manufacturing in the DOD”. 

2.1 Panel Discussion Summaries 

A summary of each of the panel discussions along with the names of the panelists 
is provided. This is not intended to be a transcript of the dialogue, rather an 
overview of the topics discussed. 

2.1.1 Development and Integration of New Steels in DOD Assets 
Panelists: 

• Jonathan Montgomery (Emeritus Researcher, CCDC Army Research 
Laboratory) 

• Brian Placzankis (Specifications and Standards Lead, CCDC ARL) 

• Manny Gonzales (Materials Engineer, AFRL/Materials and Manufacturing 
Directorate [RX]) 

11

0
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Moderator: Matthew Draper (Materials Engineer, Naval Surface Warfare Center 
Carderock Division [NSWCCD]) 

The panel led off by considering the challenge of transitioning new materials 
developments to DOD assets, offering thoughts on strategies for bridging the 
“valley of death” between materials technology development and application. One 
proposed approach was to get the full specifications and data collected on the 
program manager’s (PM’s) radar so that a technology can “creep” into use if it is 
not immediately inserted. From the perspective of cost, it is easy to insert materials 
that are twice as good and cost half as much; however, when there is also a cost 
increase associated with the new material, it is often assumed that the additional 
initial cost translates to a proportional increased cost in all other material handling 
aspects, without a discount for increased longevity. Another consideration beyond 
cost and performance is risk reduction. The DOD is inherently risk-averse; 
materials that do not fit into existing specifications make the process of transition 
from basic research to applied tools to implemented technology higher risk and 
require more vocal advocates in the PMs. Also, we must consider whether the 
technology is a “tech pull” or a “tech push”. Tech pulls are generally being 
developed and implemented in conjunction with a PM and/or original equipment 
manufacturer (OEM), which facilitates the development, testing, and evaluation 
processes to meet their rapid insertion timelines. Tech pushes require more effort 
on behalf of the company or organization developing the new material, process, or 
component. Coming to events like the Steel Summit to network is critical to get the 
technology on the DOD’s radar, evaluate properties, gauge avenues for 
implementation, and/or initiate a more thorough evaluation with DOD partners. 
Partnerships with DOD research laboratories or centers can be completed through 
a cooperative research and development agreement (CRADA) or a test service 
agreement (TSA).  

From the supply chain perspective, it is a risk to make specialty components with 
high-specification minimum requirements that have no other customers if the 
component does not meet the DOD minimums. Specified values such as V50s are 
critical numbers that must be met; however, there may be circumstantial waivers 
for other criteria, but these are difficult to obtain due to the risk associated with 
accepting a component that has not met all of the specifications. One of the 
challenges is then finding the DOD personnel who have the authority and are also 
willing to sign off on waivers. There was some interest expressed in developing fit-
for-service qualification standards for noncritical components.   

Finally, the panel considered a comment from a representative of a major defense 
contractor regarding frustrations in getting DOD components to follow up on 
potential technology transitions for which there is strong support from the National 
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Defense Industry Association. DOD civilians on the panel noted that DOD research 
laboratories (which take the lead in organizing this summit) are often not well 
positioned for assisting in interactions with DOD program offices. DOD 
manufacturing technology organizations may contain the personnel with the right 
connections and focus for performing this role, so their participation in summits 
such as this one are critical for developing the professional networks that facilitate 
such technology transitions.  

2.1.2 From Material to Materiel: Casting Qualification, Welding, and 
Machining 

Panelists: 

• Matthew Draper (Materials Engineer, NSWCCD) 

• Demetrios Tzelepis (Materials Engineer, CCDC Ground Combat Systems 
Center [GVSC]) 

• Jason Wolf (Materials Engineer, AFRL/RX) 

• David Poweleit (Vice President of Technology, Steel Founder’s Society of 
America [SFSA]) 

Moderator: Daniel Field (Materials Engineer, CCDC ARL)  

The first major discussion point for this panel session was the topic of machining 
and how to include this critical step earlier in the materials development cycle. 
DOD applications often require high-toughness and high-strength alloys that make 
machining increasingly difficult. The panelists spoke toward their perspectives on 
removing this bottleneck. In 1906, FW Taylor introduced an empirical approach to 
establish optimum metal cutting conditions, which is still considered to be 
significant. Even today, the community is still working to nail down these 
processing windows outside of the current Edisonian practice. The integrated 
computational materials engineering (ICME) paradigm has generated a movement 
toward leveraging models to ease the experimental burden, but to date, this has not 
been sufficiently applied to machining of metals. Encouraging academic and 
industrial partners to consider machining earlier in the material development cycle 
is one avenue to reduce the bottleneck. Another approach would be to explicitly 
investigate cutting-tool development. Some DOD components may be able to be 
heat treated after finish machining, although depending on the tolerances allowed 
in the components and scale of the machined parts, this may not be an option. 
Electrical discharge machining (EDM) is another potential solution for difficult-to-
machine components, although the OEMs generally do not use this process because 
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it is comparatively slow and expensive. Near-net shape castings was also offered 
as a potential solution.  

On the topic of quality control and qualification standards, one discussion point was 
that mandating additional inspections that seem superfluous implies that the system 
lacks integrity. One example given was taking a picture of a component in the 
furnace at the beginning and end of the heat treatment cycle. Many of these 
somewhat strange requirements stem from an incident in the past that may or may 
not still be a concern. Such qualification standards should be reconsidered before 
the reasons for their implementation are lost, especially if the workers who added 
these requirements retire. Such legacy requirements should be appropriately revised 
and/or removed. Stewarding 1960s technology is not sustainable and prevents the 
DOD from being competitive in the future—we must position ourselves to be more 
agile. An example of this shift is the Navy moving away from qualifying each cast 
component (e.g., 140 components on a Virginia class sub) to qualifying a single 
scalable part for universal qualification of a supplier for a specific alloy with a 
specific range of section thicknesses. A long-term vision of quality control (QC) 
may involve industries relying on the Internet of Things (IoT) and validating 
models using a significant body of process data. Because each service has different 
specific needs, a tri-service approach to solving these different dogmatic concerns 
may require implementing these design tools, philosophies, and QC measures in 
lower-risk applications (e.g., materials for unmanned systems). 

2.1.3 Alloy Development and Characterization Challenges 

Panelists: 

• E Buddy Damm (Timken Steel) 

• Dana Frankel (QuesTek Innovations) 

• Fred Fletcher (ArcelorMittal, retired) 

• Charlie Monroe (University of Alabama–Birmingham) 

Moderator: Matthew Draper (Materials Engineer, NSWCCD) 

Alloy design methods have evolved over the past few decades to include more low-
length-scale experimentation, advanced simulations and computational methods, 
and coupled experimental‒computational approaches such as ICME. An increasing 
amount of data is being generated, and databases and data interpolation tools 
including machine learning (ML) are becoming more common, raising questions 
about uncertainty quantification (UQ) of these computationally derived new alloys 
and products. This panel discussion probed many of these subtopics, with panelists 
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offering their view of where alloy development and characterization currently are 
and where they should be as we continue to advance.  

ICME, the recent paradigm for materials discovery and development, is being 
implemented in many academic and industrial settings to speed up the material 
discovery and implementation processes. ICME can be considered as one of the 
tools in the engineering toolbox—not a replacement for the other tools that already 
exist. ICME can be valuable to learn what is important in developing new materials 
but it is not going to replace engineers, just enhance their ability to approach 
problems in different ways. One of the keys to getting the desired ICME synergy is 
to establish the right team consisting of experts in modeling and experimental 
methods. Early in the design cycle, both parties should sit down and define what 
the relevant outcomes should be. In general, the modeling space evaluations should 
be efficient and enable down-selections to be validated experimentally. New 
computational tools are constantly being developed, with increasing levels of detail. 
When selecting specific tools to apply in the ICME framework, they must be fast 
enough to “integrate”, not just shift the workload from the experimental to the 
computational; the efforts should be synergistic. It is also important to keep the 
target performance metrics in mind when designing or optimizing an alloy and 
know if the optimization is toward the limit of the manufacturing constraints or to 
actual performance objectives.  

Current gaps and needs in the ICME community center around the balance between 
increasing complexity while producing faster outcomes. The current practice of 
ICME in the steel community is generally an attempt to fill in the middle ground 
between low-length-scale simulations (e.g., density functional theory) to make the 
models more capable and the experiments to calibrate the models to more closely 
reflect reality; the efficient linkages and integration between the computational and 
experimental tools are not well implemented. Although many computational tools 
exist to predict new alloys, the questions of properties and performance generally 
remain unanswered, due in large part to missing microstructural information 
(precipitate size, distribution, and morphology) or neglecting metastable processing 
conditions (e.g., quench and tempering response and kinetic constraints). More 
reliable prediction of these quantities and the subsequent linkage of this information 
into higher-length-scale models (e.g., finite-element method) to effectively predict 
their effect on properties and performance are critical. Model calibration is a critical 
piece of the ICME paradigm and depends on a reliable set of accurate evaluations. 
There is not currently a series of high-throughput tools to generate these data in an 
industrial setting to accelerate the evaluation of new alloys and products. The 
community should consider high-throughput testing and parametric studies 
alongside the more common deep-dives routinely investigated. Another approach 
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to building these tools and the workforce may require training starting at the 
undergraduate level to become engaged with this method.  

One approach to making more efficient models is to employ ML tools, with the 
expectation that ML methods will be used to enhance the mechanistic 
understanding rather than becoming a black-box shortcut. ML is commonly used 
in materials discovery, but is not often applied in the development space. ML is a 
powerful tool for interpolating and identifying areas of high return that are poorly 
understood or highly complex. Some suggested applications of ML in the defense-
steel community include the following: predicting ballistic performance, 
optimizing advanced manufacturing (AM) processing parameters for new alloys 
and components, and predicting when low-length-scale experimental techniques 
(e.g., transmission electron microscopy [TEM], atom probe tomography [APT]) 
should be used. A challenge in directly applying the ML and ICME approaches is 
obtaining the necessary stochastic data. Metallurgists generate a lot of data that may 
be considered as “sparse data” rather than “big data”, as all aspects of the data set 
are not complete or directly comparable due to differences in testing methods 
and/or requirements for the specific application.  

One of the risks of ML is that it may hide the underlying physics and mechanics. 
More risk is generally assigned to materials and components predicted by ML 
instead of those predicted by experimental experts or more traditional calculation 
of phase diagram (CALPHAD) methods. Defining and reducing uncertainty when 
implementing new materials requires more statistical data and analysis. In-process 
data that feed into IoT could also be used to evaluate and reduce risk by 
reproducibly processing steels. Some of the “crazy” ML predictions are also worth 
further investigation if there is time and space to evaluate the outcomes. UQ models 
should not be neglected. Without quantifying the uncertainty in the models, they 
will remain in the “science” realm and not be adopted within “engineering” 
applications.  

Metallurgists and materials scientists are not generally well versed in interpreting 
databases and their uncertainty. This is one area where funding to fill in tools or aid 
in education of the current and future workforce may be beneficial. Materials 
societies no longer focus on the development of public databases built on industry 
knowledge. The steel industry operates for profit and generally keeps more data 
internal to allow them the cutting edge on the market. When things do not make it 
to the market, the data fade until someone else rediscovers them years or even 
decades later. There also are fewer trained metallurgists in the workforce. There are 
still some consortium and centers at universities that bring together steel companies 
to build this foundational knowledge. Commercialized databases are generally 
proprietary, limiting the ability of the end-users to adjust the models to better fit 
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with novel systems not used in the database training set and limiting the opportunity 
for advancement. 

A challenge in steel development is to collect more effective data that are both cost 
and time efficient. Characterization of an alloy must be relatively complete yet also 
inexpensive and fast. Much of the science of metallurgy is in understanding the 
processing-structure‒property-performance (PSPP) relationships, but from an 
engineering standpoint, there is a need for a measurable property that is directly 
related to the performance, a critical consideration of steel in defense applications. 
The migration of alloy development toward nanoscale structures and features that 
require APT and TEM to resolve has shifted the required tools from the hands of 
the industrial community into academic and research laboratories. Bridging this gap 
in the age of IP protections is key. If an industrial partner wants to use these tools 
for alloy development, they need to spend funds outside and seek additional funding 
from the consumers as well. Automated scanning electron microscopes (SEMs) for 
inclusion content are not uncommon in the industrial setting, but if more advanced 
tools (APT, TEM, synchrotron, etc.) are the critical tools moving forward, they 
must become more routine and ubiquitous. The lingering questions to the 
community are the following:  

• How can we move the science and understanding forward with the smallest 
amount of data possible?   

• What characteristics need to be measured and what techniques need to be 
developed and implemented to accomplish this? 

• What is the most efficient way to set up research and development (R&D) 
centers? 

2.1.4 Agile Manufacturing in the DOD 

Panelists: 

• Kyu Cho (Manufacturing Science and Technology Branch Chief, CCDC 
ARL) 

• Vikas Sinha (Materials Engineer, AFRL/RX and UES Inc.) 

• Alyssa Gafner (Materials Engineer, CCDC GVSC) 

• Russ Cochran (Boeing) 

Moderator: Eric Payton (Materials Engineer, AFRL/RX) 

There is a general interest across the DOD in using AM techniques to promote 
readiness and modernization by decreasing the design limitations imposed by 
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traditional manufacturing methods. System performance can be rapidly improved 
by combining advanced materials (lighter and/or stronger) with optimized complex 
parts, and, ideally, the time scale for implementation can also be shortened. 
“Advanced Manufacturing” was recently defined within Army Directive 2019-29 
“Enabling Readiness and Modernization Through Advanced Manufacturing” as 
methods to enable modernization while simultaneously enhancing readiness by 
delivering tools to the Warfighter as fast as possible while maintaining quality and 
low cost:  

“Advanced manufacturing refers to activities that depend on the use 
and coordination of information, automation, computation, 
software, sensing, and networking, and/or make use of cutting-edge 
materials and emerging capabilities enabled by the physical and 
biological sciences. It encompasses new ways to manufacture 
existing products and the manufacturing of new products resulting 
from advances in technology. It includes, but is not limited to, 
additive manufacturing (also known as three-dimensional (3D) 
printing), artificial intelligence, robotics, and advanced composite 
materials.” (US Army 2019) 

AM methods are also intended to “address the readiness challenges posed by parts 
obsolescence, diminishing sources of supply and sustained operations in austere 
environments” (US Army 2019). Currently, only polymers are being printed in the 
field, not metals, and only for noncritical components (e.g., lens covers). One of 
the challenges for metals AM is the increased material and machine costs compared 
to polymer AM and traditional manufacturing methods. A strong case will need to 
be made for metals AM, including identifying specific parts that will likely need to 
be a low-risk insertion. A part of that consideration is the quality of builds currently 
produced in laboratory environments by highly trained professionals and the 
transition to less than ideal conditions. 

As with most other traditional processing routes, there is the competition between 
cost and performance, and the effort to obtain the required properties and 
performance in a cost-competitive manner. One considerable advantage for AM in 
the field is that for low-risk components that may only require base functionality 
not superior performance; building the part onsite may be the low-cost option. The 
Army is largely cost-driven for components and not able to justify some of the high 
costs per component as the Air Force.  

The long pull for AM is to get consistent properties from different alloys as well as 
across different vendors and platforms. There is not currently a large powder supply 
base, but even among those there is a large variation in the properties produced 
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when printed on the same machine with the same parameters. This leads to a 
hesitancy to implement AM-produced components due to risk aversion. There must 
be some well-defined set of powder property allowables from a strong supply base. 
Ideally, AM production will rely on the supply base rather than in-house 
production, but the base has not been developed yet. Similar to the early days of 
composites, everyone is keeping the processing in-house until the supply chain 
becomes stable and reliable enough to make quality repeatable powders and printed 
components. This is a lesson already learned; let’s not repeat the old mistakes.  

A challenge for AM is the large uncertainty in the produced components that drives 
increased per part costs due to elevated levels of required testing and qualification 
for certification. This is due in part to not having a consistent method to qualify and 
certify parts for service. One area of improvement would be to develop and 
implement effective nondestructive testing (NDT) techniques. Most of the current 
techniques are affected by surface roughness requiring on-the-fly mechanical 
smoothing and still producing noisy results. Especially in large components, lack 
of fusion between the layers is a concern. NDT methods must be advanced to give 
people the confidence to use the parts. Compared with titanium (Ti) alloys, ex-situ 
characterization of steel components with computed tomography (CT) is limited 
due to the higher density. Another qualification pathway may include relying on in 
situ monitoring tools to identify the build quality of a part, although these tools are 
challenged by the high melting temperature of steel. ARL is looking toward 
developing a center to better address part qualification through pooling of resources 
and personnel in a collaborative space with industry, academic, and government all 
represented.  

Beyond the overall framework for building and certifying components, the physical 
metallurgy of steel AM components is relatively young compared to traditional 
steelmaking. Prediction of the microstructure throughout the build by in situ 
monitoring is the stretch goal and will facilitate the seamless transferability of AM 
production of an alloy from one machine to another. Development of the combined 
knowledge base of ferrous metallurgy and AM methodology to understand how 
processing parameters affect the builds (i.e., PSPP relationships) must be developed 
further through the building of teams to rapidly produce, evaluate, and optimize 
AM, but the available workforce with these skill sets is limited. Funding has been 
increasing for AM and will likely continue to increase, this can be leveraged to 
grow the workforce and understanding.  

When considering the ferrous alloys being used for AM currently, like other near-
net shape production processes, they are all casting alloys. There are not currently 
any alloys designed specifically for AM, although some academic and corporate 
R&D centers are starting to work toward this. Steels represent a unique challenge 
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for AM due to their tempering response not seen in Ti alloys or nickel superalloys. 
The high cooling rates observed in AM represent a quench followed by subsequent 
layer processing producing a tempering during the lower temperature heating. 
Another factor of importance for steels that must be considered is decarburization, 
similar to aluminum loss in the printing of the Ti-6Al-4V alloy.  

2.2 Technical Abstracts 

An abstract for each of the technical oral briefings and posters at the summit has 
been included here in the representative section. Oral briefing abstracts are 
organized by chronological order presented in the respective technical sessions. 
Poster abstracts are presented in alphabetical order by title. Presenting authors are 
indicated in bold text. Briefing slide decks and posters that have been cleared for 
public release in print form have been included as separate appendices as denoted 
at the end of each abstract. Abstracts have not been edited and appear as submitted 
by the corresponding authors. 

2.2.1 Session A: Development and Integration of New Steels in DOD 
Assets 

2.2.1.1 Army Armor and Armament Steel Historical Perspective, Part 2 

Jonathan Montgomery (CCDC ARL) 

I will again speak on historical Army programs on steel armor, projectiles, and 
guns. These have been programs which have solved Army-unique problems 
using steel metallurgy. As is usually the case, some of these solutions have been 
more successful than others.  

This time I will talk about the development of dual-hardness steel armor, steel 
small-caliber projectile cores, and the erosion of 13-8 Mo PH stainless steel in 
the 155-mm regenerative liquid propellant gun. Each of these are unique Army 
applications that have had unique solutions. 

Briefing included as Appendix B. Army Armor and Armament Steel Historical 
Perspective, Part 2. 

2.2.1.2 New Armor Steel Specifications - FeMnAl Case Study 

Krista Limmer, Daniel Field, and Bryan Cheeseman (CCDC ARL)  
Katherine Sebeck (CCDC GVSC) 

The development and qualification of new armor steels is a rigorous process 
that can take many years even after the alloy is optimized at a laboratory scale. 
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The case of FeMnAl, a low-density steel being considered as a drop-in 
replacement for rolled homogeneous armor (RHA), is discussed here. As a 
highly alloyed steel it does not meet the MIL-DTL-12560 carbon equivalence 
requirement, thus it becomes a greater endeavor to develop a new armor steel 
specification than qualifying it according to the existing specification. In this 
briefing the history and current status of FeMnAl armor steel maturation is 
discussed and the process of qualifying steel as armor steel is described. 

Briefing included as Appendix C. New Armor Steel Specifications ‒ FeMnAl 
Case Study. 

2.2.1.3 Ballistic Testing of the French ArcelorMittal Industeel MARS Armor Steels 

William Gooch and Denver Gallardy (CCDC ARL) 
Damien Delorme and Antoine Proust (ArcelorMittal Industeel of France) 

The French steel industry has a long-established production history with similar 
military-grade steels to US armor steels under RHA or high-hardness armor 
(HHA) military specifications. This presentation, however, will examine the 
French MARS specialty armor steels that are not readily available in the US 
with baseline ballistic data that can be used for engineering design. These steels 
generally exhibit higher alloying and are either oil/water quenched or 
normalized by air-cooling. Thicknesses below 0.1875 inch (4.7 mm) are 
generally coil-based. Some grades were used to expand updates to current US 
Military Specifications and have passed US first article certification; many 
grades also offer a greater range of thicknesses than available under US military 
specifications or production. The specific grades to be discussed include: 

• MIL-DTL-12560K/Amendment 1. The current RHA specification for 
combat vehicles was updated in November 2018 for Class 1 plate from 
0.098 inch (2.5 mm)‒6.00 inches (152.8 mm), but the major change was 
seen in MIL-DTL-12560K of December 2013 when Class 4a RHA was 
defined as a liquid quenched and tempered grade with Class 4b as 
normalized or air-quenched. MARS440 Class 4 plate is offered in both 
grades and have been designed in blast applications for belly plates; plate is 
available up to 80 mm. Ballistic testing used to generate the US acceptance 
tables will be provided. 

• MIL-DTL-46100E/Amendment 3. The current HHA specification was 
updated in November 2018, but the major change was seen in Amendment 
2 with the reduction of the minimum ordered thickness to 0.098 inch  
(2.5 mm). The French oil-quenched/die-clamped MARS500 HHA in 
thicknesses from 0.102 inch (2.6 mm)‒0.169 inch (4.3 mm) were used to 
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generate the new acceptance curves. MARS500 HHA is available in 
thicknesses to 150 mm. 

• MIL-DTL-32332A. The current ultra-high-hardness armor (UHHA) 
specification was updated in November 2018 for thicknesses from  
0.098 inch (2.5 mm)–0.63 inch (16 mm) in two classes with a minimum 
hardness of 570 Brinell Hardness Number (BHN). The initial 2009 
specification was fully based on testing of UHHA plate from France, 
Sweden, and Germany with later testing for MIL-DTL-32332A with French 
coil grades. MARS 600 (Class 1) in thicknesses up to 80 mm and MARS650 
(Class 2) UHHA grades in thicknesses to 16 mm are produced with 
hardnesses up to 650 BHN and monolithic welded armor structures have 
been produced from both grades. Ballistic certification data will be 
provided. 

Briefing included as Appendix D. Ballistic Testing of French ArcelorMittal 
Industeel MARS™ Armor Steels. 

2.2.1.4 SECURE Steels: Highest Protection for Civil and Military Applications 

Ross Auten and Robert Holt (thyssenkrupp Steel North America)  
Stephan Scharf and Axel Gruneklee (thyssenkrupp Steel Europe AG)  
Matthew Burkins (Burkins Armor Consulting LLC) 

SECURE steels are quenched and tempered, low alloyed, and fine-grained 
carbon steels, which are characterized by their hardness levels. Their field of 
application consists of ballistic and blast protection. 

In the first section of this presentation, details regarding the available 
dimensions, production routes, as well as the mechanical and processing 
properties of SECURE, thyssenkrupp Steel Europe’s ballistic steel brand, will 
be discussed. 

This will be followed by summarizing recent achievements and findings 
regarding the ballistic and processing properties of SECURE 600: 

• Results of first article testing according to MIL-DTL-32332 will be 
presented and compared. Additional ballistic results for typical threats, 
carried out by a well-known US company, will also be presented. 

• Narrow radii bending tests were carried out on SECURE 600 at the 
application technology center at thyssenkrupp Steel Europe. This was 
followed by running ballistic tests at a well-known Dutch company with 
high-velocity armor-piercing rounds on the bending radii sections. 
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Briefing included as Appendix E. SECURE Steels: Highest Protection for Civil and 
Military Applications. 

2.2.1.5 Rapid Rolling/Forming Schedule Development for Emerging Steels 

Thomas Lillo and Henry Chu (Idaho National Laboratory)  
Victor Burgess (CCDC GVSC) 

Computational methods in alloy design is accelerating alloy discovery. 
However, computational methods for forming these emerging alloys are 
currently lacking and thermomechanical processing (TMP), e.g., rolling, 
forging, etc., must rely on past experience with closely related alloys. Failure 
of ingots during forming is costly as is development/refinement of TMP 
schedules. Development of deformation processing diagrams is one way of 
identifying appropriate combinations of temperature and strain rate to safely 
form a specific alloy. In this presentation, we demonstrate the approach on 
emerging alloy, AF9628, a relatively new steel alloy originally designed for Air 
Force ordinance applications. The alloy has been found to be low cost and high 
strength with considerable toughness. Such attributes may make this alloy 
suitable for ballistic armor applications. However, for plate, rather than casting, 
a forging is required and no rolling experience with this alloy exists. Therefore, 
the Gleeble 3800 universal testing machine was used to obtain elevated 
temperature, strain-rate dependent compressive stress–strain curves on small 
samples (10 mm diameter by 12 mm long). A deformation processing diagram 
was developed using the approach of Prasad, 2003 from which potential rolling 
schedules were developed. These candidate rolling schedules were simulated 
also on the Gleeble 3800—again, using small samples (10 mm × 15 mm ×  
20 mm)—using a plane strain configuration. The simulated rolling samples 
were assessed for defects and used to down-select a final rolling schedule. The 
down-selected rolling schedule was then applied to 102 mm thick, as-cast ingots 
to successfully obtain plates with thicknesses down to 6.4 mm (~94% reduction 
in thickness) for future assessment of the ballistic properties. 

Briefing included as Appendix F. Rapid Rolling/Forming Schedule 
Development for Emerging Steels. 

2.2.1.6 Enhanced Performance through Hotformed Armor Steel Applications 

Udo Klasfauseweh (BENTELER Lightweight Protection) 

Hotforming of steel has been introduced to passenger cars more than 25 years 
ago. During the last years, more and more applications in military vehicles have 
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been realized, and demonstrate the advantages of hotforming compared to 
traditional technologies.  

Hotforming allows the production of complex shaped parts for a large variety 
of steel grades and provides therefore new design opportunities. In opposite to 
welded structures, were every weld seam requires special efforts with regard to 
quality assurance and inspection as well as to manage the changed properties in 
heat affected zones (HAZ), hotformed components allow the integration of 
single parts into large stampings with homogenous properties all over. This 
provides the precondition for achieving the following advantages for military 
systems:  

• Reduced weight, since overlaps for weldseams can be deleted 

• Better ballistic and mine/blast protection because of deleted weldseams 

• Small shape tolerances allow a straightforward assembly and reduced 
effort 

• Deletion of weld seam preparation, welding fixtures and rework reduces 
overall cost 

After a brief process and material overview, advantages of hotforming will be 
demonstrated on various applications. 

Briefing included as Appendix G: Enhanced Performance through Hotformed 
Armor Steel Applications. 

2.2.2 Session B: Castings 

2.2.2.1 The Use of Computational Methods in the Production and Optimization 
of Large Components 

Jesus Talamantes-Silva (Sheffield Forgemasters) 

This presentation highlights the importance of process modeling in the 
manufacture of bespoke, high integrity, critical components such as large 
forgings and castings. The production of such components with the appropriate 
combination of strength, toughness, and degradation resistance can be a 
difficult undertaking. Close control of key manufacturing parameters such as 
chemical composition, heat treatment temperatures, casting and forging route 
is, therefore, essential. 

Material capability can be determined through process modeling; this practice 
can identify limitations from both an operational and material standpoint. When 
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manufacturing and material capabilities are maximized, adopting new materials 
may be key to enhancing product performance and life. Again, computer 
simulations can give insight into material behavior and key characteristics. Of 
particular interest is the control of essential manufacturing parameters that 
determine product homogeneity in regions distant from test locations. In a 
production item, homogeneity and mechanical properties in these locations 
cannot be measured by testing or examination. Determination of the limits of 
material and process capability, required for operating tolerances, can only be 
realized by a holistic approach to computer simulation techniques well beyond 
the time, human, and financial constraints traditionally applied. 

Of immediate consideration is the issue of realistic and repeatable 
manufacturing controls to provide a sustainable process. This process needs to 
lie within the limits of the computer simulated outcomes in order to contain 
process heterogeneity within prescribed tolerances. The use of computer 
simulations enables more flexibility in defining the characteristics of each 
component and helps to tailor the manufacturing process to suit. In addition, 
this also facilitates taking on more technical challenges and to look at entirely 
new ways of creating components, which allows for greater manufacturing 
efficiency and stronger, lighter, more complicated end products. This 
presentation uses cases studies to give an insight about the role of such 
simulation techniques from a manufacturing perspective. 

This briefing has not been included as an appendix.  

2.2.2.2 Update on Design, Manufacturability, and Reliability of Steel Castings 
(SFSA DID) 

David Poweleit, Raymond Monroe, Diana David, and Ryan Moore (SFSA) 

SFSA’s Digital Innovative Design (DID) for Reliable Casting Performance 
program is advancing steel casting design from a legacy, heuristic approach 
with workmanship quality standards to two design strategies: a design 
allowable code-based process with embedded NDT and a lower bound 
modeling-based practice with quantitative NDT. The program utilizes fracture 
analysis and microstructure characterization along with statistical analysis of 
properties, such as Weibull distributions or Metallic Materials Properties 
Development and Standardization (MMPDS) A- and B-Basis, to develop these 
new design methodologies. In addition to design, the program is working on 
alloy development ranging from a 50-ksi carbon steel to AF96/HY/FeMnAl, 
and welding of steel castings. This briefing will cover a comprehensive program 
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update along with summaries of projects under the program that will not be 
individually presented at the 2019 Steel Summit. 

Briefing included as Appendix H: Update on Design, Manufacturability, and 
Reliability of Steel Castings (SFSA DID). 

2.2.2.3 Development of Meaningful Relationships between Steel Casting Surface 
Inspection Results and Performance 

Frank Peters, David Eisenmann, Sharon Lau, Daniel Schimpf, and Jeffrey 
Tscherter (Iowa State University) 

Much effort is expended to improve the surface finish of steel castings but the 
impact of surface condition on performance is not well understood. 
Contributing to this lack of understanding is the measurement error inherent 
with current surface characterization methods, including both visual inspection 
and magnetic particle inspection (MPI). Current efforts are addressing this via 
three avenues. Past research has shown that the visual inspection process is very 
subjective and prone to measurement error. Furthermore, the casting surfaces 
are typically specified via standards (e.g., MSS SP 55 and ASTM A802) that 
rely on photographs or comparator plates of casting surfaces. These issues are 
being addressed via the development of a digital standard based on scanned 
data. The new standard will utilize a statistical variogram approach to quantify 
the surface condition. This method removes the underlying geometry and any 
surface abnormalities from the calculations. The second avenue being 
addressed is the reduction of measurement error in the MPI process. The impact 
that surface roughness has on the ability of MPI to detect indications on a 
casting is not well known. A modification of the Ketos ring was developed that 
also incorporates surface roughness so that this relationship can be understood. 
Finally, the effect of surface and near-surface indications on fatigue properties 
is being studied. Cast steel plates are produced and then inspected via visual, 
radiograph, and MPI to determine the optimal location of the test bars to study 
the impact of any indications identified during inspection. The test bars have 
the original casting surfaces on two faces and a waterjet surface on the sides. 
The combined goal of these efforts is to develop a relationship between the 
inspection results and casting performance. This will enable the component 
designer to choose a steel casting and have confidence that the inspection 
requirements will ensure the performance needed without an unnecessary cost 
to produce the specified surface condition. 

Briefing included as Appendix I. Development of Meaningful Relationships 
between Steel Casting Surface Inspection Results and Performance.  
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2.2.3 Session C: Welding 

2.2.3.1 Mitigation of Hydrogen-Induced Cracking and Mechanical Properties 
Enhancement Using Low-Temperature Phase Transformation Welding 
Filler Wire on Armor Steel 

Demetrios Tzelepis (CCDC GVSC)  
Jeff Bunn, Andrew Payzant, and Zhili Feng (Oak Ridge National Laboratory) 

Hydrogen-induced cracking (HIC) has been a persistent issue in welding of 
high-strength steels. Fabricating HIC-free welded structures of high-strength 
steels, particularly the ultra-high-strength martensitic-grade steels can be 
difficult in field fabrication and repair. As a result, it is critical to control HIC. 
Four factors contribute to the HIC: susceptible microstructure, residual stress, 
hydrogen content and near ambient temperature. The current studies develop a 
proactive in-process weld residual stress mitigation technique, which 
manipulates the thermal expansion and contraction sequence in the weldments 
during welding process. When the steel weld is cooled after welding, 
martensitic transformation will occur at a temperature below 400 °C. Volume 
expansion in the weld due to the martensitic transformation will reduce tensile 
stresses in the weld and HAZ and in some cases produce compressive residual 
stress in the weld. Based on this concept, customized filler wire with martensite 
phase transformation during cooling was developed. Y-Groove testing showed 
new filler wire showed significant improvement in terms of reducing the 
tendency of HIC in high-strength steels. Neutron diffraction residual stress 
measurement revealed reduced tensile and compressive residual stress in welds 
made by new filler wires for the Y-Groove plates and for an additional multi-
pass restrained joint configuration. In addition weld wire has shown mechanical 
property improvements over conventional weld wires. 

Briefing included as Appendix J: Mitigation of Hydrogen-Induced Cracking 
and Mechanical Properties Enhancement using Low-Temperature Phase 
Transformation Welding Filler Wire on Armor Steel. 

2.2.3.2 Fusion Welding of High-Strength Steels for Military Applications 

John DuPont, Erin Barrick, Rishi Kant, and Jason Bono (Lehigh University)  
David Seidman (Northwestern University) 

High-strength steels that provide a balance of strength and toughness are 
required for many military applications. Fusion welding is often an important 
step during the fabrication of military hardware. Most high-performance steels 
acquire their unique balance of strength and toughness through thermo-
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mechanical treatments with carefully controlled temperatures under moderate 
heating/cooling rates to achieve the desired microstructure. By comparison, 
fusion welding involves a relatively wide range of peak temperatures with rapid 
heating and cooling rates. As a result, the base metal microstructure and 
resultant mechanical properties are often adversely affected in the fusion zone 
and HAZ. The phase transformations and concomitant properties in the weld 
must be understood in order to develop processing strategies to restore the 
mechanical properties in the weld. In this presentation, recent examples of 
property restoration in welds are described in several high-strength steels, 
including precipitation-strengthened steels, FeMnAl alloys, and 10 Ni steels. In 
each case, a combination of controlled thermal simulations is combined with 
microstructural characterization and property measurements to understand the 
cause for degradation in properties and develop strategies for property 
restoration. 

Briefing included as Appendix K. Fusion Welding of High-Strength Steels for 
Military Applications. 

2.2.3.3 Microstructural Characterization of High-Nickel Steel Weld Deposits with 
a Non-equilibrium Hierarchical Microstructure 

Amir Farkoosh and David N Seidman (Northwestern University) 
Daniel H. Bechetti, Matthew F Sinfield, and Jeffrey D Farren (NSWCCD) 

Fabrication of steel structures invariably requires joining by fusion welding. As 
requirements for weight and cost savings drive increased demand for advanced 
high-strength, high-toughness structural steels, the ability to balance 
mechanical performance and microstructural robustness of steels for the 
spectrum of welding processes poses a significant challenge. One aspect of this 
challenge is material responses to reheating during multi-pass welding. Thermal 
transients induce extensive microstructural changes in prior weld passes, whose 
nature and magnitude are highly dependent on the specifics of the chosen 
welding processes. Herein, we present a new high-Ni steel, developed at 
NSWCCD, which exhibits a positive response to the intrinsic heat treatment 
imposed during multi-pass welding processes. We demonstrate that it is 
possible to produce a fine martensitic microstructure, without post-weld heat 
treatments, leading to high strength and toughness. Additionally, we study the 
effects of carbon concentration and various alloying elements on the 
microstructure and mechanical properties of the welds. We utilize optical 
microscopy, TEM, X-ray diffraction, electron backscatter diffraction (EBSD), 
and local-electrode APT to study the microstructural features over hierarchical 
length scales. The fundamental knowledge acquired in this study can also be 
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used to optimize the alloy system for fabrication of structural components via 
additive manufacturing processes. 

This briefing was cancelled and has not been included as an appendix. 

2.2.4 Session D: High Alloy Steels 

2.2.4.1 New High-Strength NiCr Steel Alloys, AerMet 310 ,340, 360 for 
Hypersonic Structure 

Dan Roup, Paul Novotny, Humberto Raposo, and Colleen Tomasello (Carpenter 
Technology) 

Hypersonic vehicles require materials that can withstand extreme loads to 
operate reliably. In the launch systems, cases and engines the DOD needs 
targeted ultra-high-strength materials that are ready now and commercially 
available. In anticipation of these challenges, Carpenter Technologies has 
invested considerable resources in expanding the well-known AerMet franchise 
of high-strength NiCrCo martensitic steels. Led by Paul Novotny, the co-
inventor of AerMet 100, Carpenter Technologies now offering AerMet 310, 
340, and in the future, 360 for applications that require “all the strength they 
can get”, which occurs often in hypersonic structure. These alloys create a 
system of interlocking properties taking full advantage of the AerMet 
metallurgy to provide the design engineer the specific strength/toughness ratio 
required for their most challenging applications. Although these products are 
new to the world, Carpenter brings over 30 years of production experience in 
AerMet 100 to provide reliable source of supply form a company that has been 
serving the Warfighter for more than 100 years. In this session, Carpenter 
metallurgists and engineers will present critical design data and product 
specifications. Furthermore, case studies of the material in applications will be 
presented to generate design creativity OEMs. 

Briefing included as Appendix L. New High-Strength NiCr Steel Alloys, 
AerMet 310, 340, 360 for Hypersonic Structure. 

2.2.4.2 Modeling and Characterization of Experimental Austenitic Steels 
Strengthened by MC Carbides 

Paul Lambert and Daniel Bechetti (NSWCCD) 

Austenitic steels can possess a wide range of desirable mechanical properties, 
such as high strain hardening and excellent low-temperature toughness. Despite 
these desirable properties, use of austenitic steels is generally limited to 
applications where low yield strengths are allowable. Most typical industrially 
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processed austenitic steels have yield strengths of 50 ksi (345 MPa) or lower, 
whereas much higher yield strengths can be realized in ferritic/martensitic steels 
with relative ease. As part of an Office of Naval Research initiative, several 
Department of the Navy (DoN) and academic collaborators have been working 
to accelerate the proliferation of ICME methodologies within the US Navy. 
This presentation will describe the progress on one portion of that initiative: the 
development of an ICME framework focused on rapid parallel development of 
new alloys and matching welding consumables. In this work, a model system 
of an austenitic steel hardened by MC carbide precipitates was chosen and 
design objectives of 80- to 100-ksi yield strength without sacrifice of other 
material performance characteristics were established. Results will be presented 
for the use of CALPHAD techniques to predict phase stability, precipitation 
kinetics, solidification behavior, weldability, and material response to 
processing for a range of prospective alloy compositions. Verification of the 
CALPHAD predictions via characterization of strategically chosen 
experimental heats of material will be presented. 

Briefing included as Appendix M. Modeling and Characterization of 
Experimental Austenitic Steels Strengthened by MC Carbides. 

2.2.4.3 Critical Performance Attributes for High-Strength Steel in Defense 
Applications 

Kip Findley, John G Speer, Emmanuel De Moor, David K Matlock, Leslie 
Lamberson, Amy J Clarke, and Kester D Clarke (Colorado School of Mines) 

While high-strength steels for many defense applications focus on ballistic 
and/or blast performance for applications such as armor and munitions, other 
performance metrics also remain vital. This presentation will focus on steel 
design for high strength in the context of potentially critical properties including 
hydrogen embrittlement (HE), strain-rate dependent strength, ductility, and 
toughness, and fatigue. High-strength steels typically consist of quenched and 
tempered martensite, which is a complex, multiscale microstructure. Advanced 
characterization of various aspects of the martensitic microstructure and their 
relationship to the properties listed above will be discussed. Additionally, the 
presentation will highlight recent research on high-strength steel 
microstructures tailored with other microconstituents such as retained austenite, 
microalloy precipitates, and bainite, and their effects on these critical 
properties. For example, the high strain rate behavior of third-generation 
advanced high-strength steels containing retained austenite and hydrogen 
embrittlement performance of alloys containing mixtures of martensite, bainite, 
and retained austenite will be addressed. Finally, comments on alternative 
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microstructure design approaches, e.g., low-cost austenitic steels, will be 
provided for applications such as hull structures with considerations for HE 
performance and toughness. 

Briefing included as Appendix N. Critical Performance Attributes for High-
Strength Steel in Defense Applications. 

2.2.4.4 Computational Design of a Fully Austenitic Steel for Naval Hull 
Applications 

Amit Behera, Dana Frankel, and Greg Olson (QuesTek Innovations LLC)  
Clay Houser (Northwestern University)  
Matthew Draper (NSWCCD)  
Steve Roberts (Goodwin Steel Castings) 

As part of a Naval Research program, QuesTek Innovations LLC is utilizing its 
ICME tools and expertise to design/develop a next-generation fully austenitic 
transformation induced plasticity (TRIP) steel toward the Navy’s requirements 
of high yield strength, high toughness, low magnetic response, and good 
weldability. A high-strength steel with a fully austenitic microstructure is 
desirable owing to its low magnetostriction and permeability. A systems-based 
approach toward such alloy design focusing on correlation of the alloy 
composition, its processing to the microstructural characteristics, and final 
resultant mechanical properties will be elaborated. A fully austenitic TRIP steel 
composition with optimized homogenization and annealing heat treatment 
cycle was designed using existing ICME models at QuesTek. The designed 
steel is predicted to have high strength due to gamma-prime precipitation in the 
austenite matrix and improved toughness due to the TRIP effect. Some of the 
other key design criteria are to avoid formation of detrimental secondary phases 
(such as eta or laves phase), achieve adequate weldability, and avoid excessive 
grain coarsening. The designed steel was experimentally prototyped and studied 
for its microstructural characteristics and mechanical properties after 
application of necessary heat treatments. For the cast material, an optimized 
homogenization heat treatment cycle was developed using Scheil solidification 
and DICTRA calculations. Experimental results from the homogenized as-cast 
material and after undergoing various aging heat treatments will be discussed. 
The calibration and validation of developed models to predict the 
microstructural features and mechanical properties using the experimental 
results will also be discussed. 

This briefing has not been included as an appendix. 
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2.2.4.5 Hot Cracking Resistance Evaluation Using Cast Pin Tear Test in 
Lightweight Armor Steel Based on the FeMnAl-C Alloy System 

Stanton Hawkes, William Evans, Rafael Giorjão, and Antonio Ramirez (Ohio 
State University [OSU])  
Katherine Sebeck (CCDC GVSC) 

Fe-Mn-Al-C steel alloys have been previously studied for their potential as an 
alternative steel alloy for RHA. Prior examination of the material system has 
shown promise in this capacity due to the high strength and reduced density of 
Mn steels as compared to RHA. In the present work, the alloy’s susceptibility 
to hot cracking evaluation using the cast pin tear test was conducted. The cast 
pin tear test is a test designed to induce solidification cracking in susceptible 
materials. The test involves levitation melting a charge of material and dropping 
it into a mold. The material is then allowed to solidify under nominal conditions. 
This solidification method allows for solidification cracks to grow if the 
material is susceptible. Testing will be conducted utilizing button melting tests, 
autogenous spot welds, and cast pin tear testing. The testing results showed that 
the FeMnAl system in its current form has a susceptibility to both solidification 
cracking and to HAZ liquation cracking. 

Briefing included as Appendix O. Hot Cracking Resistance Evaluation Using 
Cast Pin Tear Test in Lightweight Armor Steel Based on the FeMnAl-C Alloy 
System. 

2.2.5 Session E: Additive Manufacturing 

2.2.5.1 Additive Manufacturing and Casting of Ultra-High-Strength Maraging 
Steels 

Russ Cochran (Boeing) 

In recent years, there has been increasing interest in long-range guided 
projectiles launched by electromagnetic pulse as well as conventional howitzer 
blast. These launching methods put tremendous g-force loads on the projectile 
structural body and are the driving element of the airframe structure and 
material selection. 

C300 maraging steel (300-ksi typical UTS) is a standard off-the-shelf powder 
from EOS for laser powderbed fusion (LPF) 3-D printers. Powders from higher 
strength C350 maraging steels are also being evaluated. 

Since LPF methods of fabrication of these parts are slow and expensive, it is 
only a viable option for prototyping and other low quantities. Cast maraging 
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steels are available for higher production rates, but are also expensive using 
traditional vacuum casting methods to prevent oxidation. Air melt castings 
poured with shielding gases are being evaluated for feasibility. 

This briefing has not been included as an appendix. 

2.2.5.2 Additive Manufacturing of AF9628 Steel via Laser Powder Bed Fusion 

Vikas Sinha (AFRL/RX and UES Inc.)  
EM Hager, RP O’Hara, and RA Kemnitz (Air Force Institute of Technology 
[AFIT])  
PJ Flater (AFRL/Munitions Directorate [RW])  
EJ Payton (AFRL/RX) 

Low-alloy, high-performance martensitic steels are traditionally used in 
wrought product forms. In this experimental study, we investigated the 
fabrication of AF9628 (a low-alloy, high-performance steel) samples via 
additive manufacturing route. The samples for microstructural and mechanical 
property characterizations were fabricated with LPF method. The process 
parameters, including laser power and speed, were optimized via weld track 
inspections, microstructural characterizations, and quantification of porosities. 
The microstructures for the different processing conditions were characterized 
via EBSD and chemical etching followed by optical and electron microscopy. 
The mechanical properties, including tensile properties and Charpy impact 
toughness, were characterized for the different optimized processing 
conditions. 

Water quenching of wrought AF9628 steel from austenitizing temperature does 
not result in cracking of specimens, whereas initial experiments on as-printed 
(i.e., without any stress-relief) AF9628 indicated that water quenching from 
austenitizing temperature can cause cracking in specimens. The locations of 
quench-induced cracks did not correlate with the pore distribution in additively 
manufactured AF9628. To assess whether the residual stresses in the as-printed 
material are responsible for cracking, a series of stress-relief heat treatments 
were conducted on the additively manufactured steel prior to austenitizing and 
water quench heat treatments. The influence of stress-relief heat treatments on 
the propensity to crack formation was evaluated and an optimum stress-relief 
heat treatment to avoid cracking during quench from an austenitizing 
temperature was determined. The specimens were stress-relieved under 
optimized conditions and subsequently subjected to the same heat treatment 
schedule that is typically used for wrought AF9628. The effects of heat 
treatments on microstructures and mechanical properties of additively 
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manufactured AF9628 were examined. The microstructures and mechanical 
properties of as-printed and heat treated additively manufactured materials were 
compared and contrasted with the heat treated wrought AF9628 steel. 

Hot isostatic pressing (HIP) is typically employed to reduce porosity and 
improve properties of cast as well as additively manufactured metallic 
components. The additive manufacturing of low-alloy high-performance 
martensitic steels, such as AF9628, is relatively new and therefore, the HIP 
conditions are currently not optimized for additively manufactured AF9628. In 
this study, the HIP conditions for additively manufactured AF9628 were also 
optimized. 

This briefing has not been included as an appendix. 

2.2.5.3 From Waste Steel to Materiel: Agile Production Enabled by Additive 
Manufacturing 

Karl Sundberg, Raymond Monroe, Jianyu Liang, Diran Apelian, Brajendra 
Mishra, and Richard Sisson (Worchester Polytechnic Institute [WPI]) 
Jian Yu and Brandon McWilliams (CCDC ARL) 

According to studies conducted by ARL and the Natick Soldier Research, 
Development, and Engineering Center from April 2014 to May 2015, the 
breakdown of metal waste generated from the force provider expeditionary 
camps is 60% ferrous, 36% aluminum, and 4% other metals. Thus, this Strategic 
Environmental Research and Development Program (SERDP) project aims to 
develop an agile manufacturing process that allows for reuse of ferrous scrap 
that could produce parts or repairs to ensure the Warfighter’s in-field readiness. 
This process integrates the following three manufacturing steps: 1) a scrap 
sorting and molten-steel-composition control step, to produce ferrous alloys 
with desirable composition and properties; 2) a stereolithographic 3-D printing 
step, to create patterns for investment casting of mission-critical parts; and 3) a 
post-process treatment protocol, to control the quality of the final cast product. 
This effort will reduce the military’s logistical tail through investigation of the 
feasibility of a field-capable and on-demand manufacturing process, which 
potentially will enable the reuse of waste iron. 

Briefing included as Appendix P. From Waste Steel to Materiel: Agile 
Production Enabled by Additive Manufacturing. 
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2.2.6 Poster Session 

2.2.6.1 3rd Generation Advanced High-Strength Steel through Quenching and 
Partitioning Process 

Matthew Cagle, Christopher Barrett, Hongjoo Rhee, and Haitham El Kadiri 
(Mississippi State University [MSU]–Center for Advanced Vehicular Systems 
[CAVS]) 

Improved strength and ductility of a transformation induced plasticity steel 
were achieved in this study using a quenched and partitioned heat treatment 
process, creating a martensite and retained austenite microstructure. We used a 
Gleeble 3500 thermo-mechanical simulator to apply rapid heating and cooling 
rates to dog bone specimens, subsequently tested at quasi-static strain rate 
(0.001/s). One composition shows higher total elongation (38%) than other 
attempts at third-generation advanced high-strength steels owing to the location 
of retained austenite at martensitic grain boundaries. The presence of the ductile 
FCC phase between martensite grains is expected to substantially mitigate 
strain incompatibilities at grain boundaries known to be prone for hot spots and 
damage initiation. This effect explains the possibility of obtaining high-ductile 
steels through the quenching and partitioning process despite the low carbon 
content and could be the primary cause of the high uncertainty associated with 
the mechanical properties of quenching and partitioning steels as the fraction of 
grain boundary austenite is highly sensitive to the process parameters and grain 
microstructure. 

This poster has not been included in the appendix. 

2.2.6.2 A Study of Navy Hull Steel (HY80) Test Block Mechanical Properties 

Stephen Roberts and Ryan Leese (Goodwin Steel Castings, Ltd.) 

This presentation focuses on casting developments in high-integrity Navy hull 
steels. This work was undertaken by Goodwin Steel Castings Ltd. (United 
Kingdom) within a collaborative working group functioning under the 
framework of the DID FY19 project in support of ongoing efforts for the current 
Columbia, Virginia, and future US Navy submarine programs. 

The incumbent series of cast hull steel for Navy submarines, HY80 and HY100, 
are manufactured to the stringent requirements of NAVSEA Technical 
Publication T9074-BD-GIB-010/0300 Revision 2, Appendix D. For these 
critical duty cast components the specification mandates heavy matching 
section test blocks to qualify the mechanical properties of associated tactical 
castings. For castings over 6 inches, in section test blocks are required to be 
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poured within the same mold (flask) as the casting they represent. When 
pouring a series of individual molds from one heat, this will result in multiple 
test blocks being required with each individual casting representing a testing 
lot. The test blocks are large in order to reasonably represent cooling rates both 
during solidification and subsequent thermal treatments of the castings they 
represent and as a result absorb considerable resource to both manufacture and 
mechanically test. 

To support future Navy programs in relation to cost reductions, a potential 
proposal is to pour one test block per heat qualifying all the tactical components 
from the batch provided all castings from the heat are heat treated together on 
the same furnace load. Further savings would result if a reduction in test block 
length was permitted. Currently, test block minimum dimensions are specified 
within the Tech Pub 0300 specification. 

To investigate these potential new methodologies and better understand the 
relationships between when test blocks are poured and resultant properties, this 
presentation will detail initial work where test blocks where mechanically 
characterized and compared when poured at the beginning and end of a pouring 
sequence. To help to answer whether current specification compliant test blocks 
in future specification revisions could be reduced in length, the presentation 
includes a study of solidification and heat treatment cooling data for standard 
and reduced-length test blocks for a section sizes 6 to 14 inches. 

This poster has not been included in the appendix. 

2.2.6.3 Accelerated Creep and Creep-Fatigue Testing for the Rapid Qualification 
of Candidate Alloys 

David Alexander IV, Robert Mach, Jacob Pellicotte, Md Abir Hossain, and Calvin 
Stewart (University of Texas at El Paso [UTEP]) 

Integrated computational materials science and engineering (ICMSE) and 
advanced manufacturing techniques such as additive manufacturing have 
enabled both the rapid identification of candidate material systems and the rapid 
manufacture of prototype alloys. These “designer” alloys are calculated to 
exceed the performance requirements of existing materials; however, there is a 
need to replace calculations with a “real” qualification of material response. 
There is a need for rapid, miniaturized, parallelized, and automated 
qualification of prototype alloys. These stream of data can be leveraged using 
ML to create reduced-order models for the prediction of the processing → 
structure → properties→ performance relationship in a specific candidate 
material system. This study focuses on the design of accelerated creep and 
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creep-fatigue tests for the rapid qualification of material behavior. The time-
temperature‒stress-superposition theory is employed where increased stress 
and/or temperature are applied to accelerate the time to failure. Calculated time-
temperature-transformation (TTT), time-temperature-precipitation (TTP), and 
deformation mechanism maps are consulted to select test parameters. Advanced 
constitutive models are leveraged to separate history effects from the 
isostress/isothermal mechanical properties. Wrought Inconel 718 alloy is 
evaluated in this study. 

This poster is included in Appendix Q. Posters. 

2.2.6.4 Adaptation of Ferrium® M54® for Personal Armor Applications 

Thomas Kozmel (QuesTek Innovations) 
Melissa Roth (CCDC Soldier Center) 

QuesTek Innovations is currently working on a Phase II Small Business 
Innovation Research (SBIR) program to adapt its patented Ferrium M54 alloy 
for personal armor applications. This high-strength, high-toughness steel, 
already in use in applications such as hook shanks, has proven to be a promising 
candidate for property improvement via ausforming. During the ausforming 
process, metastable austenite grains are deformed such that upon quenching, a 
refined martensitic lath structure is obtained. Material produced with this 
technique has been evaluated for ballistic performance, and microstructures 
have been characterized. 

This poster is included in Appendix Q. Posters. 

2.2.6.5 Alloy Design and Characterization of High Hardness Grade Steels 

David Salley, William Williams, Haley Doude, Wilburn Whittington, and Hongjoo 
Rhee (MSU–CAVS) 
Daniel Field, Krista Limmer, and Kevin Doherty (CCDC ARL) 

HE is a delayed failure mechanism causing unexpected failure of materials even 
below yield strengths. Since this event mostly occurs in high-strength steel 
grades including HHA and UHHA steels, which are commonly used for 
applique armor, modified leaner chemistries are proposed in this study. 
Multiple alloys were designed and manufactured, in-house, to satisfy MIL-
DTL-46100E property requirements and to produce high-strength armor-grade 
steel with the hope of increasing resistance to HE susceptibility. The 
mechanical properties of these alloys were compared with commercially 
available high-hardness steel plates. Manufacturing simulations were also 
performed using a Gleeble 3500, a thermal-mechanical simulator, to acquire 
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optimal process parameters with respect to chemistry. Mechanical test results 
revealed that the material produced in-house can meet most required 
specifications. The findings from the present study could aid in identifying the 
design methodology to reduce HE susceptibility for HHA steels. 

This poster is included in Appendix Q. Posters. 

2.2.6.6 Comparing Hydrogen-Enhanced Decohesion (HEDE) and Hydrogen-
Enhanced Local Plasticity (HELP) through Molecular Dynamic Simulations 

Bradley Huddleston, Doug Bammann, Raj Prabhu, Denver Seely, Anh Vo, Nayeon 
Lee, and Sungkwang Mun (MSU–CAVS) 
Krista Limmer (CCDC ARL) 

The effect of hydrogen on the mechanical behavior of steel through the dual 
mechanisms of hydrogen-enhanced decohesion (HEDE) and hydrogen-
enhanced local plasticity (HELP) is explored through molecular dynamics 
simulations. Hydrogen’s effect on deformation and failure was studied at  
300 K through two different stress states: fixed wall tension and fixed end 
simple shear. Fixed wall uniaxial tension created a triaxial stress state 
promoting damage nucleation and growth, which highlighted the effect of 
hydrogen on damage nucleation. In contrast, fixed end simple shear is an 
isochoric deformation that promoted plastic strain and underlined the effect of 
hydrogen on increasing dislocation activity. The simulations were run on a set 
of nanoscale lath-like microstructures (~1 million atoms) representing a 
tempered martensite steel alloy. The structures contained approximately  
0.8 wt% total carbon content divided between needle-like epsilon carbide 
particles about 5 nm long and the remainder at interstitial sites within grains or 
grain boundaries. Hydrogen atoms were also added at interstitial sites at 
concentrations ranging from 0 to approximately 100 ppm. Structures with 
greater hydrogen content were found to nucleate voids at lower strains in the 
tension simulations. Voids nucleated preferentially at ferrite‒carbide interfaces, 
particularly when hydrogen was present. In the simple shear simulations, the 
material yielded at a lower stress and strain as hydrogen concentration 
increased. The lower yield was caused by preferential dislocation nucleation 
near hydrogen atoms and greater dislocation mobility as they traveled through 
grains near hydrogen atoms. Our study suggests that the HEDE and HELP 
mechanisms work in concert to hasten failure in highly triaxial loading 
conditions while in low triaxial loads HELP reduces yield and promotes plastic 
strain.  

This poster has not been included in the appendix.  
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2.2.6.7 Comparison Study on the Susceptibility of High-Hardness Steels to 
Hydrogen Embrittlement  

William Williams, Haley Doude, Wilburn Whittington, and Hongjoo Rhee (MSU–
CAVS) 
Daniel Field, Krista Limmer, and Kevin Doherty (CCDC ARL) 

HE poses a risk for HHA steels (e.g., as specified in MIL-DTL-46100) and can 
lead to premature failure of components. Due to the wide chemistry 
specification allowed by MIL-DTL-46100, the sensitivity of armor steels to HE 
has not been fully identified. A study was performed to assess the sensitivity of 
hydrogen susceptibility across the spectrum of HHA steels. Several HHA alloys 
with different chemical compositions, meeting MIL-DTL-46100 specification, 
were studied. Steel plates were mechanically tested after being charged with 
hydrogen to observe the degradation of performance due to HE. This was 
observed by several iterations of slow-strain rate testing of tensile specimens 
that were charged with different levels of hydrogen. To better understand the 
uptake of hydrogen in the alloys, hydrogen permeation tests were also 
performed to determine the hydrogen diffusivity coefficient of each alloy and 
to observe the effect of any possible hydrogen traps within the material. 
Permeation samples were taken from mid-thickness, surface, and quarter-
thickness to detect any variations of diffusivity within the material that could 
be caused by material processing. The evaluation of hydrogen susceptibility 
across the spectrum of various chemical compositions of HHA steels will aid 
in future design and mitigation of HE. 

This poster is included in Appendix Q. Posters. 

2.2.6.8 Development of Quenching and Partitioning (Q&P) Plate Steel Intended 
For Toughness Applications 

Travis Marsh and John Speer (Colorado School of Mines) 
Rainer Fechte-Heinen (thyssenkrupp) 

In recent years, the 3rd generation of advanced high-strength steels has been 
developed for automotive sheet applications using quenching and partitioning 
(Q&P) as one of the heat treatments, developing a microstructure of martensite 
and retained austenite (RA). There is interest in exploring the application of a 
Q&P process to low-alloy plate steel because a microstructure of lath martensite 
and fine, interlath RA may have enhanced toughness and energy absorption as 
compared to tempered martensite microstructures generated by traditional 
quench and temper (Q&T) processes. The increased toughness and energy 
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absorption in these microstructures is generally attributed to the TRIP effect 
caused by the transformation of metastable RA into martensite during strain. 

In this work, design of low-alloy plate steel for Q&P processing has accounted 
for differences in cooling rate through the thickness during quenching in order 
to avoid microstructural inconsistencies. Additionally, modeling has been used 
to design Q&P heat treatments that could feasibly be applied using currently 
existing Q&T heat treatment facilities. Dilatometry experiments have been 
performed on a low-alloy steel to further develop Q&P heat treatments to obtain 
a microstructure of martensite and fine, interlath RA through the thickness of 
an 18-mm-thick plate. Full-scale Q&P heat treatments of plates are in progress 
and will be used to measure and compare properties to those achieved after 
traditional Q&T heat treatments. 

This poster is included in Appendix Q. Posters. 

2.2.6.9 Efficient Use of Multiple Information Sources in Material Design 

Yu Liu, Xinzhu Zheng, and Ankit Srivastava (Texas A&M University) 
Dongwei Fan (ArcelorMittal Global R&D) 

ICME calls for the integration of computational tools into materials 
development cycle, while Materials Genome Initiative (MGI) calls for 
acceleration of the materials development cycle through a combination of 
experiments, simulations, and data. But, both ICME and MGI do not prescribe 
how to achieve the tool integration or how to efficiently exploit the simulations 
and experiments. Here, we present a general framework for the 
design/optimization of materials that is capable of accounting for multiple 
information sources available to the materials designer. We demonstrate the 
framework through the microstructure-based design of multi-phase 
microstructures. Specifically, we seek to maximize the strength normalized 
strain-hardening rate of a dual-phase steel through a multi-information source 
Bayesian optimal design strategy. We assume that we have multiple sources of 
information with varying degrees of fidelity and cost. The available information 
from all sources is fused through a reification approach and then a sequential 
computational design is carried out. The computational design seeks not only 
to identify the most promising region in the materials design space relative to 
the objective at hand, but also to identify the source of information that should 
be used to query this point in the decision space. The selection criterion for the 
source used accounts for the discrepancy between the source and the “ground 
truth” as well as its cost. It is shown that when there is a hard constraint on the 
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budget available to carry out the optimization, accounting for the cost of 
querying individual sources is essential. 

This poster is included in Appendix Q. Posters. 

2.2.6.10 Evaluation of Surface Integrity and Tool Wear in Machining of AF9628 

Julius Schoop and Ian Brown (University of Kentucky [UK])  
Jason Wolf (AFRL)  
Neal Ontko (Universal Technology Corporation [UTC] Dayton) 

This presentation will build on the results of an ongoing machinability study of 
AF9628 under AFRL’s MOTO effort. We will discuss experimental results 
obtained at UK, which supplement the corresponding machinability study 
carried out by TechSolve for the Materials and Manufacturing Directorates 
Manufacturing and Industrial Technologies Division. Program management for 
this effort is being conducted by UTC (Dayton, Ohio). At both TechSolve and 
UK, turning operations were carried out for hot rolled bar in the annealed  
(HRC 31) and hardened (HRC 51) conditions. 

Typical machinability studies focus on determining process parameter ranges 
for maximum manufacturing productivity. However, optimum ranges of cutting 
feeds and speeds are also constrained by changes that occur in the workpiece 
material as a result of the machining process, i.e., process-induced surface 
integrity. Therefore, samples from an ongoing machinability study of AF9628 
were systematically analyzed for surface and sub-surface damage, including 
white layers, microstructural changes, near-surface micro hardness profiles and 
surface morphology. 

Using advanced 3-D white light scanning interferometry, tribological studies of 
friction, and wear mechanisms in machining of AF9628 were conducted across 
various cooling and lubrication strategies. Dry, flood-cooled, minimum 
quantity lubrication and cryogenic cooling were investigated. The results of this 
study are a foundation for future modeling and optimization efforts of cutting 
tool geometries, coatings, and cooling/lubrication strategy.  

We will present our findings, as well as associated implications for more 
efficient machining of AF9628. By demonstrating the correlation between 
machining conditions and the resultant surface integrity characteristics, our 
results are expected to enable the industrial base to confidently adopt more 
productive machining parameters in AF96. 

This poster has not been included in the appendix. 
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2.2.6.11 HH and UHH Steel in Complex, Formed Shapes for DOD Applications 

George Tunis and Justin Gordon (Hardwire, LLC)  
Alex Millar and Andy Roubidoux (EVRAZ) 

Hardwire, LLC, using EVRAZ steels, has developed technology to form high-
hard and ultra-high-hard steels into complex, shaped parts. Many military 
vehicle applications utilize high-hard steel or ultra-high-hard steel for force 
protection reasons. However, they face the challenges of welding, seam 
vulnerabilities, and cracking. Hardwire’s unique processes for forming high- 
hard steel parts eliminate those issues by delivering net shape parts. This 
reduces the need for welded assemblies and eliminates/reduces seams or the 
need for ballistic doublers, all while still delivering the ballistic performance of 
high-hard or ultra-high-hard steels (up to 650 Brinell hardness). 

The forming process entails rapid heating of the steel plate and solid-state 
quenching through what would be called a “retrogression re-aging process” in 
nonferrous metals. The forming process maintains the material and ballistic 
properties. The work to date has focused on forming sets of 3-D parts from low-
cost tooling that is designed specifically for Hardwire’s rapid quenching 
process. A variety of high-hard and ultra-high-hard steels and their properties 
are being compared in various forms, including certified control plates, flat 
plates, and formed 3-D parts. Thicknesses of interest range from 5 mm to 1 
inch. 

For DOD applications where complex parts would be optimal but are not 
currently attainable through traditional stamping or forging operations, the 
Hardwire forming process can reduce part count, eliminate manufacturing 
complexity, improve system performance, decrease maintenance burdens, and 
reduce costs.  

This poster has not been included in the appendix. 

2.2.6.12 Joining of Wrought Homogeneous Armor Steel Using Friction Stir 
Welding Technique 

Scott Hunter, William Evans, Rafael Giorjao, Mike Eff, and Antonio Ramirez 
(OSU)  
Martin McDonnell (CCDC GVSC) 

Friction-stir welding (FSW) is a solid-state joining process (the metal is not 
melted) that uses a third body tool to join two facing surfaces. Heat is generated 
between the tool and material, which leads to a very soft region near the FSW 
tool. In this study, FSW parameters were developed and used to weld wrought 
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homogeneous armor steel. Metallography, micro hardness indention, and 
thermal modeling was also employed to predict the joint’s properties. 
Examining the micrographs and SEM images, the microstructure appeared to 
be fully martensitic. The martensite found in the stir zone (SZ) and HAZ has 
undergone auto-tempering as well. When examining the micro hardness profile 
of the weld, it appears that the SZ hardness is close to that of the base metal. 
This would indicate that some level of tempering is occurring during the 
welding process, leaving a tempered martensitic microstructure. 

This poster is included in Appendix Q. Posters. 

2.2.6.13 AF9628 Turning Machinability Study 

George Adinamis and F Gorsler (TechSolve)  
Neal Ontko (UTC Dayton) 

The presentation will cover the results of a comparison of AF9628, an emerging 
material designed by Eglin Air Force engineers, with 4340 steel to provide a 
benchmark for soft and hard turning production. The objective of the project 
was to develop machinability data to facilitate implementation of AF9628 Steel 
for DOD weapons applications and reduce risk for materials transition. UTC 
(Dayton, Ohio) conducted the program management for this effort. 

The Turning operations were conducted at TechSolve’s M Eugene Merchant 
technology development center located in Cincinnati, Ohio. The machinability 
comparisons were carried out on hot rolled AF9628 in the annealed (HRC 31) 
and hardened (HRC 51) conditions, compared to hot rolled 4340 steel in the 
annealed (HRC 26) and hardened (HRC 46) conditions. 

We measured tool wear, horsepower, cutting force, and surface finish using 
state-of-the-art instrumentation. The resulting comparisons include information 
on power requirements, chip formation, recommendations for cutting tool 
grades, geometries and operating conditions to achieve desirable metal removal 
rates and avoid less desirable conditions. 

We also will discuss how machinability data drives the economics for 
machining optimization, including the interactions of various cost factors to 
assist in building a business case for AF9628 material substitution. 

Separately, TechSolve used the parameters developed during the tool-life tests 
to generate metallurgical specimens for the study of potential subsurface effects 
by UK. 
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AFRL’s Materials and Manufacturing Directorate, Manufacturing and 
Industrial Technologies Division at Wright-Patterson Air Force Base sponsored 
the effort. 

This poster is included in Appendix Q. Posters. 

2.2.6.14 Measurements and Predictions of Lower Bound Mechanical Properties 
of Cast Steels 

Richard Hardin and Christoph Beckermann (University of Iowa)  
Raymond Monroe and Diana David (SFSA) 

From a data set containing well over 7000 specimens, statistical analyses are 
performed on tensile data collected by the SFSA from its members to establish 
lower bound mechanical design properties. These properties, lower bound 
allowables for yield and ultimate strengths, elongation, and reduction of area, 
are determined at the 1st and 10th percentiles of the data for normal and Weibull 
distributions at the 95% confidence level. These levels follow the MMPDS 
Handbook approach for the so-called “A” and “B” allowables, respectively. The 
lower bound allowables are determined by grouping the data by grade and heat 
treatment according to two specifications, ASTM A958 and the ASME BVP 
code. For the steels grouped by grade and heat treatment according to the 
ASTM A958 standard, design properties are determined for grades 8620, 8625, 
8630, and 8635 in normalized and tempered, and quenched and tempered heat 
treatment conditions. For the data analyzed and grouped according to the 
ASME BVP code specification SA7487, lower bound allowables for grades 4A, 
4B, and 4E are determined. Mechanical property predictions are presented 
using casting and heat treatment simulation results. Predicted results for cooling 
rate, thermal gradient, and carbon segregation are combined with software 
package predictions of mechanical properties to improve agreement with 
measurements. Best-fit models using predicted results are used to calculate 
yield strength, ultimate strength, elongation and reduction of area. Measured 
and predicted mechanical properties are compared for cast 8630 Q&T steel. 
Specimens taken from a range of casting section sizes and casting geometries 
are used in these comparisons in contrast to the SFSA dataset, which comprises 
mostly of keel block and other standard test coupon castings. A lower bound 
relationship is proposed for the property predictions based on the lower bound 
allowables determined from the SFSA member data. 

This poster has not been included in the appendix. 
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2.2.6.15 Microstructure and Mechanical Properties of Lightweight Fe-Mn-Al-Ni 
Steels for Armor Applications 

Michael Piston, Laura Bartlett, and Ron O’Malley (Missouri S&T)  
Krista Limmer and Daniel Field (CCDC ARL) 

Additions of nickel to high manganese and aluminum low-density austenitic 
steels have been shown to greatly increase strength by forming hard 
intermetallic B2 precipitants within the austenite matrix during hot rolling and 
subsequent annealing. Additional strengthening is provided by homogenous 
precipitation of kappa carbide within the austenite matrix during aging in the 
temperature range of 450 to 570 °C, resulting in a peak hardness greater than 
50 HRC. This study investigates the influence of Ni contents between 5‒8 wt% 
on the microstructure and mechanical properties in nominal composition Fe-
(18-20)Mn-(8-9)Al-1C steels as a function of thermomechanical processing and 
subsequent heat treatment. Increasing Ni content produced a greater density of 
nanosized B2-type NiAl precipitates that precipitated uniformly within the 
austenite after annealing between 900‒1050 °C. However, higher Ni levels or 
annealing temperatures can result in over-coarsening and undesirable 
precipitation of B2 on grain boundaries that can deteriorate notch toughness. 
Therefore, careful control of the composition and thermomechanical processing 
must be employed to avoid embrittlement and deleterious effects on notch 
toughness. 

This poster is included in Appendix Q. Posters. 

2.2.6.16 Probabilistic Reconstruction of Austenite Microstructures from 
Martensite EBSD Data 

Eric Payton (AFRL/RX) 
AF Brust, TJ Hobbs, and SR Niezgoda (OSU) 
Vikas Sinha (AFRL/RX and UES Inc.) 

Austenite grain size can affect the distribution of variants observable after a 
martensitic transformation in steels. A recently developed graph-cut based 
algorithm for probabilistic reconstruction of prior austenite microstructures 
from electron backscatter diffraction observations of the martensite phase at 
room temperature is employed to infer austenite grain sizes prior to quenching. 
Fewer variants are observed in smaller grains, posing a challenge for grain size 
quantification. Orientation relationships exhibited from the transformation also 
vary with local composition. The graph cut algorithm is found to be robust for 
alloys of varying compositional complexity. Challenges associated with fine 
microstructures resulting from thermal cycling, from deformed structures such 
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as those that result from ausforming, and for additively manufactured structures 
will be discussed. These microstructures continue to pose a challenge for 
austenite reconstruction and grain size measurement. 

This poster is included in Appendix Q. Posters. 

2.2.6.17 TRISECURE – Ballistic Steels with Lightweight Potential 

Ross Auten and Robert Holt (thyssenkrupp Steel NA)  
Stephan Scharf and Axel Gruneklee (thyssenkrupp Steel Europe AG)  
Matthew Burkins (Burkins Armor Consulting, LLC) 

This is an introduction to thyssenkrupp Steel Europe’s recently developed steel-
grade TRISECURE, which is a multi-layered steel sandwich material composed 
of a layer of SECURE 450 sandwiched between two SECURE 650 outer layers. 
TRISECURE seeks to provide higher ballistic performance than ultra-high-
hardness MIL-DTL-32332 steel and dual hardness MIL-S-46099 steel. 
TRISECURE provides much improved flatness over MIL-S-46099 dual 
hardness armor because the residual stresses are more balanced. The production 
process, the mechanical properties and ballistic performance, as well as some 
forming and bending results of TRISECURE, will be discussed. 

This poster is included in Appendix Q. Posters. 

2.2.6.18 Additive Manufacturing of Ultra-High Strength Steel AF9628 

Raiyan Seede, David Shoukr, Bing Zhang, Austin Whitt, Alaa Elwany, Raymundo 
Arroyave, and Ibrahim Karaman (Texas A&M University) 
Sean Gibbons and Phillip Flater (AFRL) 

Ultra-high-strength steels have attracted increasing interest for their use in the 
automotive and aerospace industries, in mining equipment, and in defense 
applications due to their high yield strengths and reasonable ductility. AFRL 
recently developed a relatively inexpensive ultra-high-strength steel called 
AF9628. This martensitic steel can exhibit strengths greater than 2 GPa with 
more than 10% elongation with proper microstructural refinement, in particular 
via refinement in prior austenite grain size. In an effort to produce high-strength 
parts with a high degree of control over geometry, this work studies the effect 
of selective laser melting (SLM) process parameters on the mechanical 
properties of AF9628. In particular, a new protocol for determining processing 
windows in an accelerated fashion is first introduced. The protocol integrates 
an analytical thermal model with experimental characterization, then uses 
geometric criteria for determining processing parameters such that fully dense 
parts with minimal lack of fusion and keyholing porosity can be produced. 
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Using this framework, fully dense samples were achieved over a range of 
processing parameters, allowing the construction of an SLM processing map 
for AF9628. Flexibility in processing parameter selection while maintaining 
full density parts opens up the possibility of local microstructural refinement 
through processing parameter variation. 

This poster is included in Appendix Q. Posters. 

2.2.6.19 Atomistic Study on Hydrogen Segregation and Embrittlement at α-Fe 
Grain Boundaries and Ferrite‒Carbide Interfaces  

Nayeon Lee, Sungkwang Mun, Doyl Dickel, Bradley Huddleston, Douglas 
Bammann, and Michael Baskes (MSU–CAVS) 
Krista Limmer (CCDC ARL) 

We studied the interactions of hydrogen atoms with α-Fe grain boundaries 
(GBs) and ferrite‒carbide interfaces using molecular dynamics simulations to 
understand the HE mechanism in tempered martensitic steel. Tempered 
martensitic steel is primarily composed of α-Fe and ε-iron carbides generated 
during the tempering process. Past research has shown that major trapping sites 
for hydrogens are the ferrite‒carbide interfaces (Chan and Charles 1986; 
Ramunni et al. 2006). However, GBs also accumulate hydrogen resulting in 
intergranular crack propagation. We quantified and compared the segregation 
energy of a hydrogen atom at ferrite‒ferrite grain boundaries of various 
misorientation and ferrite‒carbide interfaces to examine the effect of the GB 
structure and interfaces on hydrogen accumulation. 

In this study, calculations were carried out using the Modified Embedded Atom 
Method (MEAM) interatomic potential for Fe-C-H system. The potential 
parameters were calibrated to experimental data and first-principles 
calculations. We ran molecular statics simulations at zero temperature for three 
different interface cases: 1) ferrite‒carbide interfaces, 2) pure α-Fe GBs, and 3) 
α-Fe GBs with carbon atoms. GB structures were constructed for the <100> 
symmetric tilt GB systems with misorientation angles of 18.86°, 28.07°, 36.87°, 
43.60°, and 53.13°, and carbon atoms were inserted to energetically favorable 
sites using a Monte Carlo algorithm. Simulation results showed that GBs with 
higher GB energies tended to have greater segregation energies. Ferrite‒carbide 
interfaces also had high binding energies, affirming that carbides can be strong 
hydrogen trapping sites. Our observations are consistent with experimental 
findings and can be useful to improve ductility and prevent embrittlement by 
engineering GBs or altering the alloy contents. 

This poster is included in Appendix Q. Posters. 
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2.2.6.20 The Role of Metal Carbides in Austenite formation in a High-Ni 
Martensitic Steel 

Chia-Pao Lee, Amir Farkoosh, and David Seidman (Northwestern University)  
Paul Lambert (NSWCCD) 

Research at NSWCCD by Dr X Jie Zhang, over many years, has demonstrated 
that a low carbon 10  wt% Ni steel with an appropriate quench-lamellarization-
tempering (QLT)-type heat treatment can achieve an excellent combination of 
high strength, high toughness, and ballistic resistance (Jain et al. 2017). This 
family of 10 wt% Ni steels thus has the potential to deliver improved strength 
and ballistic protection for naval structural applications. The QLT heat-
treatment produces a complex steel-microstructure containing reverted or 
precipitated austenite, martensite, ferrite, or tempered martensite, together with 
carbide precipitates contributing to precipitation-strengthening. Retained 
austenite, with a different composition than the reverted austenite, may also be 
present. Our previous research on 10 wt% Ni steels revealed that co-located and 
mixed MC/M2C-type carbides (M is Mo, Cr, V), comprising a M2C carbide 
shell and a MC carbide core, which form after the QL- and QLT-treatments 
(Jain et al. 2018). It is, however, unknown whether the metal carbides observed 
in the QL and QLT-treated samples play any significant role in austenite 
formation. To investigate this, we have designed a heat treatment that form 
carbides with different sizes and distributions within a martensitic matrix (intra-
lath regions) prior to the lamellarization (L-step) and tempering (T-step) 
treatments. This multi-step heat treatment permits studying the role of carbides 
in austenite formation and possibly altering the size and distribution of austenite 
grains in the intra-lath regions, to further improve the mechanical properties of 
this steel. We utilize experimental characterization techniques, optical 
microscopy, SEM, synchrotron X-ray diffraction, APT, EBSD, plus 
ThermoCalc and DICTRA to follow the kinetics of phase transformations and 
the resulting microstructural features at different hierarchical length scales.  

This poster is included in Appendix Q. Posters. 
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HAZ heat affected zone 

HE hydrogen embrittlement  
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Outline


Development of dual-hardness steel armor (DHA)


Steel small-caliber projectile cores


Erosion of 13-8 Mo PH stainless steel in the 155-mm 
Regenerative Liquid Propellant Gun (RLPG) 
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DHA


• Ford Aeronutronic Division in 1964


• Funded by AMRA


• H11 on the front and HP 9-4-30 on the back


• Transitioned to USS in 1967 or so.  


• “Dual-Property” or “Composite” Steel Armor


• MIL-S-46099:  29 July 1965
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DHA
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DHA
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DHA
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DHA


Enormous amount of work by USS


• ~0.50 wt% C low alloy Cr-Ni-Mo steel front


• ~0.30 wt% C low alloy Cr-Ni-Mo steel back


• Approx 50/50 of each by thickness


• 3 or 4 layers no better


• Decarb, quench cracking problems


• Debond areas, scrap rate


• ATI’s K12
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Steel Small-Caliber Projectile Cores
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Steel Small-Caliber Projectile Cores


• Cores should be as hard as possible with 
"enough" bend strength 


• Before WW2, .50 cal cores were AISI 74100


• 74100 =  1C-4W-0.5Cr


• AISI 7000-series steels discontinued 1936


• Why?


• [Watertown Arsenal invented Mo high-speed 
steels in 1930]
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Steel Small-Caliber Projectile Cores
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Steel Small-Caliber Projectile Cores


• Frankford Arsenal invented Mn-Mo steels


• After March 1941, Mn-Mo replaced 74100


• Specification MIL-B-12504E


• AISI 1070 for .30 cal M2 AP


• 0.7C-1Mn-1Mo for .50 cal M2 AP


• Heat Treatment:


• fully solutionize (1525°F)


• quench in (hot) oil


• no temper (autotempered + hot oil)


• [Was this the source of Mn-Mo-B RHA?]
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Steel Small-Caliber Projectile Cores


• Soviets used “U12” for both 7.62 & 12.7 mm 
AP cores


• U12 is Fe-1.2C


• Why?  CHEAP


• No alloys


• Less time steelmaking


• Spheroidize anneal gives better machinability


• Heat treatment easy, robust, low cost
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Steel Small-Caliber Projectile Cores


• Spheroidize anneal


• Machine


• Austenitize in two-phase region


• Austenite + spheroidal cementite


• T determines C in solution


• Low T gives finer grain size


• Quench in (hot) oil


• No temper
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Steel Small-Caliber Projectile Cores
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Steel Small-Caliber Projectile Cores


• Result


• Maximal hardness martensite 


• Minimal amount of retained austenite 


• Spheroidized cementite which is benign


• “Enough” hardenability


• Tolerates wide range of carbon content


• Cheap cheap cheap 
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Regenerative Liquid Propellant Gun
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Regenerative Liquid Propellant Gun


• 13-8 Mo PH stainless steel


• Good strength, toughness, corrosion 
resistance


• Good SCC resistance


• Compatible with XM1846


• Spec'ed by Benet (Vito Colangelo)


• Severe erosion of the nose


• BLAKE IB code


• CO/CO2 ratio is 0.0175


• SP gun CO/CO2 ratio 1~10
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YOU ARE HERE


YOU WANT TO BE HERE







Regenerative Liquid Propellant Gun


• Important to understand the gun environment


• high temperatures


• high pressures 


• high thermal conductivity


• high crossflow velocities 


• Very sensitive to chemistry


• carburization is slow


• oxidation is rapid
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Regenerative Liquid Propellant Gun


• Oxidation can only be stopped by 
changing the liquid propellant 
composition to be more fuel-rich


• [“But we can’t do that!”]


• This works – we tried it


• [after the program crashed & 
burned]
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History Rhymes


• Reformulation of SA propellant


• Addition of KNO3


• K for flash suppression


• NO3 for more impetus


• But less fuel-rich


• Fouling due to oxidation 


• CuO


• Fe3O4 
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MIL-HDBK
Handbook containing guidance and information on 


materials, design, and processes


e.g. materials handbook, 


standard circuit drawings


MIL-STD Standard for processes and procedures e.g. welding, V50 ballistic test


MIL-PRF
Performance specification that states required results 


without dictating the methods to achieve them


e.g. coatings, perforated 


armor


MIL-DTL
Detail specification on how a requirement is to be 


achieved


e.g. coatings, armor, 


hardware, cables


MIL-A, MIL-


S, MIL-W, …


Former specification designations, still in use for some 


specifications


e.g. dual hard armor steel, 


cast armor steel (1987)


MILITARY SPECIFICATION DESIGNATIONS


MIL-SPEC: Specification of technical requirements for purchased material or products
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Description STEEL ALUMINUM


Composition • Tolerance based on first-article


• Maximum limits for some elements


• Maximum C-equivalence (HHA)


• Alloy specific limits and tolerances


Processing • Fixed based on first-article • Fixed based on first-article


Processing Controls • Thermal survey of furnaces


• Stress relieving


• Edge preparation & Grinding


• none


Properties • Ballistic V50


• Hardness


• Charpy V-Notch Impact Toughness


• Bending


• Ballistic V50


• Quasi-Static Tensile (YS, UTS, %El)


• Stress Corrosion Cracking Resistance


General • Thickness and Dimensional tolerances


• Clean surface and crack-free edges


• Flatness & waviness tolerances


• Thickness and Dimensional tolerances


• Clean surface and crack-free edges


MIL-SPECS: STEEL VS. ALUMINUM ARMOR
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• Developed and commonly used in WWII


• Current version: MIL-DTL-12560K (MR) w/ Amendment 2


• Four classes:
1. 0.098” – 6.000”; maximum resistance to penetration


2. 0.098” – 2.000”; maximum resistance to shock


3. 0.250” – 12.000”; ammunition testing only


4a. 0.098” – 2.750”; better resistance to penetration than Class 1


4b. 0.098” – 2.750”; better resistance to penetration than Class 1, auto-tempered


• Composition: 
– CE limit: Class 1 & 2: <0.80-0.90 wt % (thickness dependent), Class 4a: <0.70 wt %, Class 3 and 4b: no limit


– C maximum: 0.27 – 0.31 wt % (thickness dependent)


• Hardness
– Class 1 & 3: 210-410 HBW, dependent on plate thickness


– Class 2: 260-310 HBW


– Class 4: 420-470 HBW


• CVN Impact Toughness
– Scaled with hardness, for 380-470 HBW > 16 ft-lbs at -40 ºF/C


MIL-DTL-12560: ROLLED HOMOGENEOUS ARMOR (RHA)
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• Developed as an applique armor in the mid-1900’s


• Current version: MIL-DTL-46100E (MR) w/ Amendment 4


• Welding specification developed in 1969


• Two classes:
1. 0.098” – 2.000”; liquid (oil or water) quenched and tempered


2. 0.098” – 2.000”; air quenched and tempered/auto-tempered


• Composition
– Class 1: CE < 0.80 wt%


– Class 2: no CE limit


– C maximum: 0.32 wt %


• Hardness
– 477-534 HBW


• CVN Impact Toughness
– TL > 12.0 ft-lbs for 10 mm standard size tested at -40 ºF/C


MIL-DTL-46100: HIGH-HARDNESS ARMOR (HHA)
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• Developed as an applique armor


• Current version: MIL-DTL-32332A (MR) w/ Amendment 1


• Two classes:
1. 0.098” – 0.630”; better penetration resistance than MIL-DTL-46100


2. 0.098” – 0.630”; better penetration resistance than Class 1


• Composition
– no CE limit


– C maximum: 0.55 wt %


• Hardness
– > 570 HBW


• CVN Impact Toughness
– TL > 6.0 ft-lbs for 10 mm standard size tested at -40 ºF/C


MIL-DTL-32332: ULTRA-HIGH-HARDNESS ARMOR (UHA)
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MIL-DTL-12560 (RHA) MIL-DTL-46100 (HHA) MIL-DTL-32332 (UHA)


Original Date ~1940 ~1960 2009


Thickness 0.098” – 12.000” 0.098” – 2.000” 0.098” – 0.630”


Classes 4 2 2


Hardness [HBW] 210 – 470 477 – 534 > 570


-40 C/F CVN [ft-lbs] > 81 – 16 > 12 > 6


Maximum C 0.27 – 0.31 wt % 


(thickness dependent)


0.32 wt % 0.55 wt%


CE Requirement Class 1, 2, 4a Class 1 only No 


Welding MIL-STD Yes Yes No 


WROUGHT PLATE STEEL MIL-SPECS: RHA, HHA, UHA 
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HHA CRACKING







APPROVED FOR PUBLIC RELEASE


APPROVED FOR PUBLIC RELEASE


9


HHA CRACKING


Friedman, Norman, “This Truck Saved My Life: Lessons Learned from the MRAP Vehicle Program” (2013)
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HHA CRACKING


Friedman, Norman, “This Truck Saved My Life: Lessons Learned from the MRAP Vehicle Program” (2013)
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• HHA often experiences delayed cracking
– Stress concentrators: bends, corners


– Untempered martensite: thermal cutting, welds


– But also occasionally in as-received plates


• Investigation / Report Conclusions
– Poor material quality


– Significant variability between suppliers


– Poor weld procedures


– Poor vehicle design/tolerances


– … lots of finger pointing


HHA CRACKING
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• What about foreign suppliers/consumers?
– Bisalloy Armor 500, Armox 500T, MARS 240, SECURE 500, …


– Cracking is a concern, but not to the same extent


• What’s the difference?
– These branded alloys have specific alloying and processing, not just defined by hardness level


– Not all 500 HBW steels are the same


– Enhanced toughness: >20 ft-lb vs 12 ft-lb minimum required by MIL-DTL-46100


• What can we do?
– Revisit MIL-DTL-46100: Tighten tolerances or add an additional quality control measure


– Develop improved welding procedures and/or weld consumables


– Be more vigilant in the material implementation


HHA CRACKING
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MIL-DTL-12560 (RHA) MIL-DTL-46100 (HHA) MIL-DTL-32332 (UHA)


Original Date ~1940 ~1960 2009


Thickness 0.098” – 12.000” 0.098” – 2.000” 0.098” – 0.630”


Classes 4 2 2


Hardness [HBW] 210 – 470 477 – 534 > 570


-40 C/F CVN [ft-lbs] > 81 – 16 > 12 > 6


Maximum C 0.27 – 0.31 wt % 


(thickness dependent)


0.32 wt % 0.55 wt%


CE Requirement Class 1, 2, 4a Class 1 only No 


Welding MIL-STD Yes Yes No 


WROUGHT PLATE STEEL MIL-SPECS: RHA, HHA, UHA 
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• Weight and Performance
– 7.8 g/cc vs 2.7 g/cc (steel vs Al)


– Space considerations


– Strength/Density vs Threat Performance/Density
• Going thinner is not necessarily better, or possible


– Rigid structures and underbody required in military vehicles


• Automotive lightweighting: driven by meeting fuel 


economy standards


• Army lightweighting: driven by meeting performance 


requirements for changing threats, new equipment, 


and maintaining logistic supports
– Army bridges, NATO rail car, and highway equipment transport 


trailer (HETT) designed for 70T capacity


– Weight reduction needs driven by “hard points” instead of $/lb


motivation


PROGRAMMATIC DRIVERS


GOAL: Develop a lightweight armor material with the same level of protection 


as Class 1 RHA for the same thickness, but at a lower density (>10% less)
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• Composition ranges:
– 10-30 wt.% Mn


– 3-12 wt.% Al


– 0-1 wt.% C


– 0-1 wt.% Si


Fe-Mn-Al-C ALLOY FAMILY


• Precipitation Strengthened
– κ-carbide: (Fe,Mn)3AlC


• E21-type perovskite


– Spinodal Decomposition


– Coherent precipitate


– Rectangular
• Rounded corners


• Initial aspect ratio = 2:1:1


Frommeyer, G. and Brux, U., Steel Research Int., 77 (2006)


Howell, R.A., Missouri S&T, Thesis (2009)


Choi, K. et al, Scripta Mat., 63 (2010)


Bartlett, N.M. et al, Met. Trans A, v.45 (2014)
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PROCESSING Fe-Mn-Al-C FOR ARMOR APPLICATIONS


General Processing Route


i. Hot Roll (900-1200 ºC)


ii. Solution treat (900-1200 ºC)


iii. Water quench


iv. Aging / Precipitation harden 


(450-600 ºC) to form κ-carbide


Howell, R.A. et al, USPTO, 


US 2019 / 0062881 A1 (2019)


Acselrad, O. et al, Met. Trans. A, 33A (2002)


Howell, R.A., Thesis (2009)


Fe-28Mn-8.5Al-1C-1.25Si
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HEAT TREATMENT VARIATION EFFECTS


• For a single alloy, solution treating at 


different time/temperature combinations
– Significantly different grain sizes


– Significant variation in aging kinetics and 


resulting mechanical properties


Field, D.M. et al, Metals (2019)


Field and Limmer, J. Iron & Steel Tech. (2019)
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COMPOSITION EFFECTS: AGING RESPONSE


• Nominal composition ranges
– Mn: 23-30 wt %


– Al: 7-10 wt %


– C: 0.7-1.0 wt%


• Al
– ↑ Al increased peak hardness


• Mn
– ↑ Mn decreased peak hardness


• C
– For low Al, ↑ C increased hardness


– For high Al, no significant change 


observed
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COMPOSITION EFFECTS: MICROSTRUCTURE & MECHANICAL 


PROPERTIES


100 μm


100 μm


100 μm


• Grain size variation


(10 – 60 μm)


• Single vs. multi-phase 


(δ-ferrite stringers)
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MATERIAL MATURATION FOR ARMY APPLICATIONS


Material Confidence Levels


Knowledge 


Point


Level One Level Two Level Three Level Four Level Five Level Six
(Transition Product)


KP1 Manufacturability Any process to 


chemistry, hardness


Repeatable process All thicknesses Reduce cost, 


variability


Larger heats MIL DTL


KP2 Blast Pass at threat level, 


single thickness,


L1 mfg plate


Pass at threat level,


L2 mfg plate -- -- --
MIL DTL


KP3 Penetration 1 thickness, 1-2 threat 


levels, 0°obliquity


Penetration on 3


thicknesses 


Penetration on 0.25”-


4” thick


Additional threats
--


MIL DTL


KP4 Machinability Cut/grind/mill/water jet 


basics


Drill/ tap/ 3D 


machining


Surface preparation Repairability Suggested technical 


manual language


KP5 Weldability Mechanical plate - self Mechanical plate -


combination


Single thickness 


H plate


Multiple thickness 


H Plates


Mixed material 


H plates


MIL DTL


KP6 M&S Isothermal/ quasistatic 


card


Fatigue D&D card Johnson cook card Full vehicle D&D 


analysis


Full vehicle UBB 


analysis


Full vehicle analysis report


KP7 Corrosion/ 


Coatings


CARC pretreatment CARC process Laboratory evaluation Outdoor testing Suggested technical 


manual language


Update to TT 490


KP8 Stiffness Known Young's 


Modulus for rolling and 


transverse direction


Full vehicle quasistatic 


model


Full vehicle mobility 


M&S -- --
Full vehicle analysis report


SME defined confidence levels to understand progress towards final knowledge points. Multiple 


levels may be addressed simultaneously. 


Reduced Risk
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• Alloying:
– No CE requirement – okay 


– 0.10 wt% Al maximum – exceeded


– Mn: 
• > 1.00 wt%  ± 0.20 wt% 


for an alloy with ~30 wt%  0.6% error margin


• Properties:
– Bend Test – okay 


– Hardness – okay


– CVN – okay


– V50 – okay
• But these numbers are not representative of the best 


level of performance we can achieve from FeMnAl


CAN WE ADD FeMnAl TO THE EXISTING RHA MIL-SPEC?


MIL-DTL-12560K Class 1 Other Considerations


• Welding:
– Not the same as RHA


• Machining / Cutting:
– Not the same as RHA


• Coatings:
– Initial results look good for using existing RHA-


relevant specifications 


• Composition and processing have a 


significant influence on the resulting properties
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• Specific composition target and limits


• Processing fixed based on first-article


• Properties optimized for best performance


• Develop new ballistic tables


• Class divisions (optional)
– Based on performance levels


MAKING A NEW SPECIFICATION FOR FeMnAl


MIL-DTL-XXXX Other considerations


• New welding specification


• New machining guidelines


• Use existing coatings specifications
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MIL-DTL-12560 (RHA) MIL-DTL-46100 (HHA) MIL-DTL-32332 (UHA)


Original Date ~1940 ~1960 2009


Thickness 0.098” – 12.000” 0.098” – 2.000” 0.098” – 0.630”


Classes 4 2 2


Hardness [HBW] 210 – 470 477 – 534 > 570


-40 C/F CVN [ft-lbs] > 81 – 16 > 12 > 6


Maximum C 0.27 – 0.31 wt % 


(thickness dependent)


0.32 wt % 0.55 wt%


CE Requirement Class 1, 2, 4a Class 1 only No 


Welding MIL-STD Yes Yes No 


WROUGHT PLATE STEEL MIL-SPECS: RHA, HHA, UHA 
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MARS™ Protection Steels of ArcelorMittal Industeel


• My presentation today will provide an overview and compilation of ballistic


test data for the French MARS™ protection steels produced by Industeel


of France, a subsidiary of the ArcelorMittal Group of steel companies


• The data will emphasize only the specialty protection armor steels offered


in the US, specifically first article and production certified wrought plate for


military applications under four US steel military specifications:


Alloy
US Military 


Specification
Class


Thickness


Range (mm)


Typical Hardness 


(BHN)


MARS™ 440
MIL-DTL-12560K


Amendment 2


Class 4a 4 - 20
440


Class 4b 20 - 80


MARS™ 500
MIL-DTL-46100E


Amendment 4
Class 1 2.5 - 6.0 500


MARS™ 600 MIL-DTL-32332A


Amendment 1


Class 1 2.8 - 80 600


MARS™ 650 Class 2 3 - 16 630-650


MARS™ 650 


Perforated
MIL-PRF-32269 Class 1b 2.5 - 16 630-650


2







Industeel origins


Marrel Frères  


Châteauneuf


1865


Usine Schneider  


Le Creusot


1836


2000 2006 2007


Usinor Group


1998


Arcelor Group


2002


ArcelorMittal Group


1985Creusot-Loire
1970 1974


Fabrique de Fer  


Charleroi


1863


A history of steel plate quality and service


3
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Industeel Facilities


• Electric Arc Furnaces: 80 to 200 tonnes


• Vacuum ladle refining


• 1 continuous caster


• 2 bottom poured ingot casters


• Heat treatments


• Levelling


• Cutting


3 Steel shops


Dunkerque
Industeel Dunkerque


Liège
ArcelorMittal Ringmill


Charleroi
Industeel Belgium


• Polishing


• Prefabrication


• Hot and cold forming


• Preforming, cutting, beveling


• Ringmill


3 Quarto mills


3 plate production plants - 2 prefabrication facilities - 1 ringmill


Le Creusot
Industeel France  


CRMC Research Center


Châteauneuf
Industeel France


Saint-Chamond
Euroform
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Die-Clamped/Oil-Quenched Heat Treatment


• MARS™ specialty plates discussed are “soft” oil-quenched with no level flattening


• Die-clamped/vertical oil quenching provides excellent flatness (≤ 1.5mm/m)


• Plates have little residual stress that remain flat during laser cutting 


• Coil-based plate provides tight plate thickness tolerance:


±0.2mm for plates to 8.5mm


±0.25mm for plates to 8.6mm – 10mm


 Reduced areal weight (3% on 6mm MARS™ 600 plate) compared to plate mill


• Large stockage of plate thicknesses
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MARS™ 440 for MIL-DTL-12560K-Class 4a/4b


5


• MIL-DTL-12560K (MR) w/Amendment 2 was updated on 19 July 2019


• US specification for Class 4 RHA is designed for increased penetration


resistance, but MARS™ 440 properties offer significant resistance to blast,


particularly increased toughness for belly plates


• MARS™ 440 Class 4a is oil-quenched and tempered - 4mm to 50mm


• MARS™ 440 Class 4b is auto-tempered/air-hardened - 20mm to 70mm


• US specification has a ballistic AP requirement while European plate does


not, only blast related properties


• Class 4 RHA offers a 10-20% increase in V50 protection over Class 1 RHA


• French hardness range: 420-460 BHN with typical Charpy -40o C > 45 J


• Chemical Composition (Maximum Values):
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MARS™ 440 for MIL-DTL-12560K-Class 4a
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Projectile
Obliquity


(Degrees)


Actual 


Thickness


Required V50


Velocity


Test V50


Velocity


Standard


Deviation (Ϭ)


mm inches m/s fps m/s fps fps


0.30-Cal M2 Ball 


(0.098” - 0.230”)
30o


4.45 0.175 673 2209 733 2406 31


4.52 0.178 678 2224 741 2432 24


0.30-Cal APM2


(0.231” - 0.354”)
30o


8.46 0.333 819 2688 842 2763 62


8.46 0.333 819 2688 864 2836 18


0.50-Cal APM2


(0.355” - 0.590”)
30o


10.59 0.417 617 2034 661 2167 35


10.49 0.413 616 2020 664 2176 22


12.67 0.499 709 2325 773 2535 13


12.88 0.507 717 2352 767 2517 -


14.55 0.573 789 2588 850 2790 32


14.5mm BS41


(0.766” - 1.125”)
30o 26.09 1.027 850 2790 867 2844 -


20mm M602


(1.126” - 2.750”)
0o


29.31 1.154 485 1591 649 2128 -


44.81 1.764 742 2434 880 2887 -







MARS™ 440 Belly Blast Plate Applications


Heavy IFV 71.1mm  (2.8”) MARS™ 440 Class 
4b Bent and Formed Belly Plate (Auto-


tempered) 
7


MARS™ 440 Class 4a 


15mm plate after Bulge Test 


UNCLASSIFIED


APC Belly Plate -16mm (0.63”) 


MARS™ 440 Class 4a – cold bent
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Industeel MARS™ 500 High Hard Armor
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• MIL-DTL-46100E (MR) w/Amendment 4 was updated on 19 July 2019


• Class 1 High Hard Armor (HHA) is water/oil quenched and is designed


for greater penetration resistance than RHA


• Industeel HHA emphasis in US is thin, coil-based, oil-quenched plate


from 2.5mm (0.098”) - 4.75mm (0.187”)


• Industeel thin MARS™ 500 was part of the data set used to set the


acceptance curves seen in MIL-DTL-46100E Amendment 2, July 2015


and Amendment 3 with the 7.62X51mm M80 Ball


• Chemical Composition (Maximum Values):
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THIN MARS™ 500 vs 7.62X51mm M80 Ball


Thickness Projectile Obliquity Required V50 Test V50


Standard 


Deviation


inch mm mm degree fps m/s fps m/s fps m/s


0.102 2.59 7.62 M80 Ball 0 1472 449 1609 490 -- --


0.126 3.20 7.62 M80 Ball 0 1781 543 1882 574 31 10


0.126 3.20 7.62 M80 Ball 0 1781 543 1901 579 33 10


0.127 3.23 7.62 M80 Ball 0 1793 546 1919 585 34 10


0.127 3.23 7.62 M80 Ball 0 1793 546 1971 601 28 9


0.128 3.25 7.62 M80 Ball 0 1806 550 1893 577 33 10


0.129 3.28 7.62 M80 Ball 0 1818 554 1952 595 33 10


0.156 3.96 7.62 M80 Ball 0 2141 653 2256 688 9 3


0.158 4.01 7.62 M80 Ball 0 2164 660 2303 702 18 6


0.169 4.29 7.62 M80 Ball 0 2294 699 2417 737 28 9


0.169 4.29 7.62 M80 Ball 0 2294 699 2454 748 22 7
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• Thin HHA has applications for base vehicle structures, HHA/composite or


HHA/aluminum appliques or welded structural components


• MARS™ 500 has mass effectiveness similar to Class 4


• Flatness guarantee is 3mm/m and thickness tolerance of -0.0mm/+0.4mm


• Thin HHA can be cut by waterjet or laser and remains flat
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MARS™ 600 for MIL-DTL-32332A Class 1 
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• MIL-DTL-32332A (MR) w/Amendment 1 Ultrahigh Hard Armor (UHHA)


was updated on 19 July 2019. Revision A’s primary change was lowering


the minimum thickness to 2.5mm (0.098”)


• UHHA plate <0.157” (4.0mm) is tested with the 7.62X51mm M80 Ball


• US UHHA specification defines two classes of plate with Class 2 having a


higher resistance to penetration than Class 1


• MARS™ 600 exceeds Class 1 UHHA ballistic requirements (Em of 1.4 -


1.6) with excellent multi-impact capability, toughness and workability


(welding and bending armor structural parts)


• Typical hardness is 600BHN with typical Charpy @ -40o C = 23J


• MARS™ 600 is available in thickness range from 2.5mm - 80mm (US


specification is 2.5mm-16mm)


• Chemical Composition (Maximum Values):
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0.30-Cal APM2/7.62mm M80 Ball vs MARS™ 600


Thickness
Projectile


Obliquity 


angle 
V50


Standard 


deviation


inch mm degree fps m/s fps m/s


0.104 2.64 7.62mm M80 Ball 0 1813 553 -- --


0.122 3.10 7.62mm M80 Ball 0 1981 604 19 6


0.138 3.51 7.62mm M80 Ball 0 2162 659 24 7


0.166 4.22** 7.62mm M80 Ball 0 2530 771 23 7


0.208 5.28** 7.62mm M80 Ball 0 2986* 910* -- --


0.124 3.15** 0.30-cal. APM2 30 1167 356 24 7


0.138 3.51** 0.30-cal. APM2 30 1324 404 24 7


0.162 4.12 0.30-cal. APM2 30 1857 566 -- --


0.164 4.17 0.30-cal. APM2 30 1786 544 -- --


0.166 4.22 0.30-cal. APM2 30 1885 575 51 16


0.202 5.13 0.30-cal. APM2 30 2304 702 -- --


0.208 5.28 0.30-cal. APM2 30 2257 688 34 10


0.254 6.45 0.30-cal. APM2 30 2619 798 -- --


0.260 6.60 0.30-cal. APM2 30 2491 759 55 17
* Partial Penetration


** Thickness outside specification
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7.62x51mm M80 Ball vs 5.28mm (0.21”) MARS™ 600


890m/s (2920fps) at 0°


STANAG Level 1a


7.62X51mm M80 Ball


833m/s ±20 m/s


Ductile Response
12
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EXCELLENT UHHA MULTIHIT CAPABILITY


4mm MARS™ 600 Plate with 


Multiple 7.62mm AP/20mm 


FSP Impacts with No Cracking
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8.5mm MARS™ 600 Plate with 


Multiple 14.5mm AP Impacts


With No Cracking







Formability – Laser Cut and Bent MARS™ 600 Plate


8.5 mm MARS™ 600 


with 80 mm radius


15mm MARS™ 600 Plate 


with 300-mm Radius
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Edge Preparation
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Cold-rolled 6.3mm MARS™ 600 Plate 102” Diameter
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Photo Courtesy American Tank 


& Fabrication Co. 
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MARS™ 650 for MIL-DTL-32332A-Class 2 
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• MARS™ 650 Class 2 UHHA offers improved ballistic resistance for use as


add-on armor applique when weight reduction is essential


• Fabrication of Class 2 UHHA monocoque armored structures are being


considered by industry


• Class 2 UHHA is oil-quenched and tempered at ≤180oC and provides a 


minimum 200fps increase over Class 1 UHHA


• Typical hardness is 650BHN with typical Charpy @ -40o C of 9J


• MARS™ 650 is available in thickness range from 2.8mm - 16mm


• Chemical Composition (Maximum Weight %):
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• 5.23mm - 7.60mm MARS™ 650 met required V50 for MIL-DTL-


32332A Class 2 UHHA


• Further testing and development is underway for full range of 


armor plate thicknesses
17


Industeel MARS™ 650 ATC Test Data


Thickness
Projectile


Obliquity Required V50 Test V50


Standard 


Deviation (Ϭ)


inches mm (degree) fps m/s fps m/s fps m/s


0.206 5.23 0.30 APM2 30 2341 714 2499 761 -- --


0.248 6.30 0.30 APM2 30 2689 820 2850 869 52.9 16.1


0.258 6.55 0.30 APM2 30 2739 835 2744 836 56.6 17.2


0.258 6.55 0.30 APM2 30 2737 834 2854 870 27.6 8.4


0.262 6.66 0.30 APM2 30 2756 840 2882 878 3.8 10.3


0.263 6.68 0.30 APM2 30 2764 842 2850 869 51.8 15.8


0.299 7.60 0.30 APM2 30 2913 888 2932 894 34.8 10.6







MARS™ 650 Perforated UHHA 


Plate for MIL-PRF-32269
• Perforated plates have a long history of use in spaced armors


• First significant US development was double punched wrought plates with


oblong holes developed for M113A3 in 1985


• Second development was cast single angled perforations in 1991


• MIL-PRF-32269 was created on 18 October 2007 as a performance


specification with ballistic certification in two classes:


- Class 1 for wrought perforated plate


- Class 2 for cast perforated plate


• Production of Class 1 perforated MARS™ 650 UHHA wrought punched


plates is available from Industeel in a range of hole sizes and shapes:
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Industeel MARS™ 650 Plate with 


Proprietary ATC Hole Pattern


• Punched circular/oblong hole designs provide ~65-70% areal weight 


of solid plate


• Angled oblong hole designs provide ~50% areal weight of solid plate


• Proprietary angled hole patterns on MARS™ 500/600/650 were 


developed by ATC Materials of Westlake OH:
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Top View X-ray


0.50-Cal APM2 after Impact on 


MARS™ 650 Perforated Plate


Side View X-ray


0.50-Cal APM2 after Impact on 


MARS™ 650 Perforated Plate


Photos Courtesy ATC Materials







Class 1 Punched Plate on M113A3


Photo Courtesy BAE Systems
Class 1 Waterjet Perforated Plate on Trailer 


Photo Courtesy ATC Materials


Perforated Plate for Defense Applications
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Air Flow Applications 20
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CONCLUSIONS - MARS™ PROTECTION STEELS
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• This presentation has provided a short ballistic overview of the armor


steels produced by ArcelorMittal Industeel of France


• The emphasis has been on providing useful ballistic test data on specialty


wrought plate of interest to US survivability designers


• Important ballistic products include:


 Coil-based armor plate ≤5mm in RHA, HHA and UHHA grades


 Class 4a/b RHA plate for both increased blast and AP protection


 Class 4b MARS™ 440 provides a formable air-hardening steel for blast


 Class 1 MARS™ 600 UHHA for design of armor structural parts


 Class 1 UHHA MARS™600 plate available to 80mm vs US


specification of 16mm


 Class 2 UHHA MARS™ 650 plate provides highest monolithic steel


protection


 A wide range of production perforated UHHA plate for vehicle design


• ArcelorMittal Industeel has been and remains a supplier of specialty


armor plate supporting US military and commercial manufacturing


THANK YOU
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1. before consolidation  |  2. before consolidation/corporate


thyssenkrupp Group – the business areas
Key indicators – fiscal 2017/18


Components 


Technology


Elevator 


Technology


Industrial 


Solutions


Materials 


Services


Steel 


Europe


Sales [€ mn]1


7,875 7,554 5,020 14,652 9,470


Adjusted EBIT [€ mn]2


197 866 -255 317 687


Employees


34,481 53,013 21,535 20,273 27,764
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Introducing


Business Unit Heavy Plate


thyssenkrupp Steel Europe
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Business Unit Heavy Plate
Brand architecture


thyssenkrupp 
high form               


perform®


XAR®


thyssenkrupp         
high strength


XABO®


thyssenkrupp 
high hard     


X-COR®


thyssenkrupp high 
pressure


High-strength


structural steels


Re min.


900 – 1,300 


MPa


High-strength


structural steels


Re min. 


700 MPa


Sour gas-resistant 


steels


Armor steels


300 – 600 


HBW


High-strength


CTL plates


315 – 1,100 


MPa


Wear-resistant


steels


300 – 600 HBW


XAR®


high protect


SECURE


high strength


N-A-XTRA®
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Ballistic 


steels:


Armor steels 


with
high toughness and hardness.


thyssenkrupp |  Steel  |  Heavy Plate


6 |   November 2019   |   DoD summit







thyssenkrupp |  Steel  |  Heavy Plate


7 |   November 2019   |   DoD summit


SECURE – A wide product range to meet the most important specifications 
Portfolio and main features of SECURE steels


SECURE M 280 F


SECURE M 300 G, 


L


SECURE M 350 K


SECURE M 400 H


SECURE M 450 O


SECURE M 500 Z


SECURE M 600 T


SECURE M 300


SECURE M 350


SECURE M 400


SECURE M 450


SECURE M 500


SECURE M 600


SECURE 450


SECURE 500


SECURE 600


Steel grade


Plate thickness


[mm]


Brinell hardness


[HBW]


Yield strength


ReH [MPa]


Tensile strength


Rm [MPa]


Notch impact energy 


[J]


AV transv., -40°C


SECURE M 300 3 – 50 280 – 330 630 800 60


SECURE M 350 3 – 90 330 – 380 850 950 25


SECURE M 400 3 – 50 380 – 430 950 1,150 25


SECURE M 450 4 – 20 400 – 480 1,100 1,250 – 1,450 40


SECURE M 500 3 – 90 480 – 530 1,300 1,600 25


SECURE M 600 4 – 40 570 – 640 1,500 2,000 15


Civil 


Application


German


Army-


Approval


Military 


Application
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... to fit the required design and protection level
Possible applications for SECURE steels in wheeled armored vehicles


SECURE M 400/450: 


Blast protection


SECURE M 500: 


Basic protection of the


hull construction


SECURE M 600: 


Add-On protection


Schematic illustration!







thyssenkrupp |  Steel  |  Heavy Plate


9 |   November 2019   |   DoD summit


Production routes of quenched and tempered armor steels SECURE 
From casted material to plate in stock – all Made in Germany


Thickness:3 – 9 mm


Width: 1,250 – 1,935 mm


Length: 1,300 – 8,000 mm


Thickness


tolerance: Dd  0.4 mm
Width- and length tolerances acc. EN 10051 


Thickness:4 – 150 mm


Width: 1,300 – 3,300 mm


Length: 4,000 – 12,000 mm


Thickness


tolerance*:Dd  0.8 mm
Width- and length tolerances acc. EN 10029 


*details are valid for thickness up to 10 mm                    


Quarto 
plate 
production


Cut-to-
length 
plate 
production


4-high-stand


Hot-rolling mill


Austenitizing furnace Quenching device Tempering furnace
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Department of Research & 


Development


Introduction


Application 


Technology
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At a glance


• Locations: Duisburg, Dortmund, Bochum


• Technical equipment


− CAD and CAE


− Forming technology facilities: 


presses, hot forming laboratory, tribology 


− Joining technology facilities for all 


customer 


relevant processes


− Product testing and product metrology


− Prototype plants


− Workshops


Application Technology
Introduction
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Ballistic results
SECURE M 


600
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SECURE M 600 – Ballistic Performance
UHHA Class 1 Data – 0.30-cal APM2 @ 30° Obliquity
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SECURE M 600 – Ballistic Performance
UHHA Class 1 and 2 Spec (2019 Update) – 0.30-cal APM2 @ 30°


Obliquity
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SECURE M 600 – Ballistic Performance
UHHA Class 1 and 2 Spec – 0.50-cal APM2 @ 30° Obliquity
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SECURE M 600 – Ballistic Performance
Estimate of Required Thickness to Defeat Various Bullets
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Bending of
SECURE M 


600


thyssenkrupp |  Steel  |  Heavy Plate


17 |   November 2019   |   DoD summit







thyssenkrupp |  Steel  |  Heavy Plate


18 |   November 2019   |   DoD summit


Simulation
Simulation of bending process


• Remove edges hardened by shearing or thermal 


cutting


• Improve edge quality and apply notch-free 


plates


• Grind carefully scratches and rust on the 


surface


• Check the tools and tool set-up with regard to 


wear, dimensions and deformation rates


• Check whether the final inner radius becomes 


smaller than that of the punch
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Forming Technology for Ultra High Hard Armor
SECURE M 600 (570-640 HBW), thickness 10 mm


Bendability up to a ratio of 4.8 could be possible!
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SECURE M 600
Ballistic tests on bended Ultra High Hard Armor (SECURE M 600 [10.5 mm], r/t=4.8 & w=250 mm)


High ballistic protection along the bending line as well.


Multihit - 7.62 mm x 51 mm AP P80


Test range: 10 m


Angle: 0°


Impact velocities: 813, 820 & 820 


m/s
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Welding of 


SECURE
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Comprehensive joining technology know-how
Laboratory for Heavy Plate


Pre Heating


Autogenous Cutting


Plasma Cutting


MMA-Welding


GMA-Welding


SA-Welding


Variations


Cutting technologies


• Autogenous Cutting Propane / Acetylene


• Plasma Cutting Micro-Focus-Plasma


Welding technologies


• Submerged Arc Welding Single Wire-, Double Wire-, Tandem-


and Narrow Gap Welding


• Gas Metal Arc Welding Single Wire-, Double Wire-, Impulse-


and Flux Wire-welding


• Manual Metal Arc Welding all usual electrodes
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Welding recommendations for SECURE 


≤ 5 ≤ 10 ≤ 15 ≤ 20 ≤ 25 ≤ 30 ≤ 35 > 35 t8/5 [s]


SECURE M 300 100 °C 125 °C 200 °C 6-20


SECURE M 400 100 °C 125 °C 200 °C 6-20


SECURE M 450 100 °C 6-20


SECURE M 500 100 °C 125 °C 200 °C
austenitic filler         


100 - 150 °C
6-20


*Z grade > 25 mm: austenitic filler metals, 100 - 150 °C


SECURE M 600 150 °C 175 °C 200 °C


75 °C 125 °C 150 °C


150 °C 175 °C


austenitic filler


Steel grade
Plate thickness [t in mm]


150 °C 175 °C
austenitic filler         


100 - 150 °C
150 °C 175 °C


8-15
without 100 - 150 °C


GMAW, heat input Q = 1.0 kJ/mm, HD = 2 


ml/100 g
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Latest Developments


TRISECUR
E
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Ballistic Properties of TRISECURE 650 30/40
Stand alone ballistic test (example: 7.62 mm x 51 AP P80)


Approx. 25 % weight reduction in comparison to SECURE M 600 or approx. 50 % in comparison with SECURE M 500


SECURE M 500
thickness: 14.5 mm/0:57 


Inch 


weight/area:114 kg/m²


SECURE M 600
thickness: 10 mm/0.39 inch 


weight/area:79 kg/m²
TRISECURE 650
thickness: less than 7.7 mm/0.30 inch


weight/area:less than 60 kg/m²
Weight  


reduction
nearly


-25 %
Weight 


reduction
nearly


-50 %
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Thank you 


for your attention
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Introduction
New armor systems seek increased performance at lower system weight


• Increased vehicle survivability, performance, fuel economy


• Emerging armor materials focus on:


– Dynamic hardness


– High strain-rate strength


– Ductility


• Steel alloys offer:


– Affordability – AF9628


– Strategies for weight reduction – FeMnAl-type approaches


– Microstructurally diverse alloy system:


• Austenite – ductile


• Ferrite – ductile


• Martensite – very hard but brittle


• Bainite – high strength and good ductility


• Precipitation strengthening
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Need for Rapid Thermomechanical Processing 
Evaluation Method


• Computational design methods accelerate alloy discovery


– Thermodynamic software packages → CalPhaD, e.g. ThermoCalc


• Phases present


• Volume fraction of phases


• Limited kinetic nucleation and growth of precipitates, e.g., 
DITRA


• Final alloy microstructure and properties are processing path-
dependent:


– Thermomechanical processing affects:


• Grain size


• Nucleation sites – grain boundary precipitates, nucleation on 
dislocations


• Crystallographic texture
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Need for Rapid Thermomechanical Processing 
Evaluation Method - continued
• Thermomechanical processing/microstructure relationships are difficult 


to model and simulate


• Artificial intelligence approaches are of limited use:


– Steels are microstructurally complex


– Microstructures are:


• Sensitive to alloy composition


• highly temperature dependent


• cooling rate dependent


– Requires a relatively large database to train algorithms


Need: Thermomechanical processing parameter optimization 


methodology to keep pace with alloy discovery
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TMP Optimization Approach
• Thermomechanical processing (TMP) to produce plate from castings


– No past TMP experience for new alloys, e.g., high entropy alloys


– Large number of processing variables - Rolling/forging temperature(s), 
reduction in thickness/pass, # of passes, effects of re-heat/annealing


• Final heat treatment after TMP for optimal microstructural evolution


• Temperature(s)


• Time(s)


• Cooling rate


• Experimental test matrix


– TMP Parameters – temperature, amount of reduction/deformation


– Post-TMP heat treatment


• Austenization – temperature, time


• Final heat treatment – temperature, time


– Six parameters of interest – assume 4 test values for each parameter 
- ~1300 combinations in a full factorial test matrix!


Methodology focuses on small samples with rapid testing and 


characterization for input to AI methods
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Approach Outline


1. Rapid experimental data collection of dynamic materials properties 
on small samples


2. Formulation of potential deformation processing schedules


3. Simulation of possible deformation processing schedules on small 
samples


4. Characterization of microstructure and identification of defects


5. Down-select deformation schedule and process


Demonstration Alloy System: AF9628
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TMP Experimental Data Collection


Compression tests 


(6 temperatures x 6 strain rates)


Gleeble 3800 Universal Testing Machine


Compression samples


DISTRIBUTION A.  Approved for public release; distribution unlimited. OPSEC# 3408







Experimental Data Analysis 


Strain rate sensitivity plots


Deformation Processing Diagrams


Power Dissipation efficiency:


Instability Criteria:


ε = 0.45
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TMP – Simulated Rolling


Gleeble –Multi-pass Simulated Rolling


Defect Characterization
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Post-TMP Heat Treatment Development


Table 1: Screening study tensile test results.  


 


Sample ID 


Temp. 1, 


ᵒC 


Duration 1, 


hrs 


Temp. 2,  


ᵒC 


Duration 2, 


hrs 


Max  


Strain, % 


Max 


Stress,  


MPa 


Stress-


strain Area, 


MPa 


Ti-700-580 700 4 580 8 17.2 893.3 120.2 


Ti-700-500 700 4 500 8 18.0 991.5 125.6 


Ti-700-400 700 4 400 8 13.9 1151.9 108.7 


Ti-700-350 700 4 350 8 13.7 1089.4 100.1 


Ti-650-580 650 4 580 8 17.0 989.4 120.7 


Ti-650-500 650 4 500 8 22.1 1033.1 182.7 


Ti-650-400 650 4 400 8 20.9 1070.2 170.4 


Ti-650-350 650 4 350 8 18.4 1033.4 144.9 EDM mini-tensile samples


Heat Treat & Tensile Test
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Rolling of AF9628


AF9628: 4” → ¼”
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Microstructure


Forged and Heat Treated


Rolled and Heat Treated
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Summary and Conclusions


• TMP optimization approach was developed that utilizes :


– Small samples


– Simple geometry


– Rapid testing


• Requires small quantities of prototype alloy - <100 lbs (~10-20 lbs)


• Approach demonstrated for rolling AF9628 steel castings – 4” to ~1/4”


• Development of appropriate rolling schedule was completed in ~ 1 
month.
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Contact Information


• Thomas Lillo:


email: Thomas.Lillo@inl.gov


Phone: 208-526-9746


• Henry Chu:


email: Henry.Chu@inl.gov


Phone: 208-526-7514


• Victor Burguess:


email: victor.w.burguess.civ@mail.mil


Phone: 586-459-7497
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ENHANCED PERFORMANCE THROUGH HOTFORMED ARMOR


STEEL APPLICATIONS


 Overview BENTELER group


 Hotforming technology


 Benefits and applications of hotformed armor 


 Cost elements of armor assemblies


 Quality management


 New technologies


− Tailored blanks


− Reinforced structures


− Welded hotformed structures


− Surface coatings


− Increased toughness for mine protection


2019 DOD STEEL SUMMIT


Dr. Udo Klasfauseweh Public
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OUR STRUCTURE


BENTELER GROUP – THREE DIVISIONS UNDER ONE UMBRELLA


Divisions RegionsMarket SegmentsBusiness Units Operating Units


BENTELER Group


Chassis & Modules 


Structures


Engine & Exhaust Systems


Electro-Mobility


Western Europe


North/Eastern Europe


Southern Europe


North America


Mercosur


Asia/Pacific 


BENTELER 


Automotive


BENTELER 


Steel/Tube
BENTELER 


Distribution


Asia/Pacific 


Central Europe


Northern Europe


Southern Europe


Germany


Switzerland


United Kingdom


CORPORATE FUNCTIONS


Seamless 


Welded


Automotive


Energy


Industry
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BENTELER IN NUMBERS


BENTELER GROUP – FIGURES


LOCATIONS


141 in 38 countries


EMPLOYEES


about 30,000*


SALES


8.072 € bn. 


IN DIVISIONS


Automotive


Steel/Tube


Distribution


76 %


15 %


9 %


*annual average; measured as full-time 


equivalents; including contract workers
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 Simultanous forming and tool quenching


 Materials: 


− BENTELER development BSEC510 (HH) and BSEC610 (UHH)


− Selected commercial armor steel grades (e.g. ArcelcorMittal, SSAB, ThyssenKrupp)


 Dimensions: 


− max. blank size 3.000mm x 2.000mm (118” x 78”)


− Thickness: 2,5 mm – 25 mm (0,1” – 1”)


HOTFORMING TECHNOLOGY


BENTELER LIGHTWEIGHT PROTECTION


Dr. Udo Klasfauseweh Public


Heat up blanks


900°C / 1652 °F


Transfer to


hydraulic


press


Forming & 


tool


queching


Edge trim
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 Simultanous forming and tool quenching


 Materials: 


− BENTELER development BSEC510 (HH) and BSEC610 (UHH)


− Selected commercial armor steel grades (e.g. ArcelcorMittal, SSAB, ThyssenKrupp)


 Dimensions: 


− max. blank size 3.000mm x 2.000mm (118” x 78”)


− Thickness: 2,5 mm – 25 mm (0,1” – 1”)


HOTFORMING TECHNOLOGY


BENTELER LIGHTWEIGHT PROTECTION


Dr. Udo Klasfauseweh Public


Heat up blanks


900°C / 1652 °F


Transfer to


hydraulic


press


Forming & 


tool


queching


Release 


out of


press


Edge trim
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What we gain with hotforming is …


BENEFITS AND APPLICATIONS OF HOTFORMED


ARMOR


BENTELER LIGHTWEIGHT PROTECTION


Dr. Udo Klasfauseweh Public


… the reduction of single pieces by integration into formed parts, therefore


 minimization of weld seams, which goes along with better protection


 deletion of overlaps and weld seam covers means also less weight


 reduction of welding distortion, welding fixtures and weld seam preparation, means lower cost


 tight shape tolerances and reduced number of single pieces allow easier assembly processes


 no work harding during forming, no risk of cracks, but homogenous micro structure


Initial design:


• 5 single pieces


• Weld seam 12 m


Hotformed design:


• 1 single piece


• No weld seams


• Better utilized space
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BENEFITS AND APPLICATIONS OF HOTFORMED


ARMOR


BENTELER LIGHTWEIGHT PROTECTION


Dr. Udo Klasfauseweh Public


Whenever low weight requirements, high protection levels and part complexity 


come together, hotforming shows its strength
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COST ELEMENTS OF ARMOR ASSEMBLIES


BENTELER LIGHTWEIGHT PROTECTION


Dr. Udo Klasfauseweh Public


Welding Fixtures


Weld seam preparation


2D cutting


Bending


Welding


Re-work


2D cutting


Hotforming


3D cutting


Hotforming tools


Cutting fixtures


Conventional Design Hotform Design
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COST ELEMENTS


BENTELER LIGHTWEIGHT PROTECTION


Dr. Udo Klasfauseweh Public


Cost advantage of hotforming depends on volumes and part complexity
T
o


ta
l 
C


o
s
t
/ 
p


ie
c
e


Production volumes


Hotformed
• Manufacturing Cost


• Tool amortization


Conventionel:
• Manufacturing Cost


• Fixture amortization


• Weldseam preparation


• Rework


≈ 100


Increasing


part complexity
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QUALITY MANAGEMENT


BENTELER LIGHTWEIGHT PROTECTION


Dr. Udo Klasfauseweh Public


 Five key process parameters, 100% controlled and documented


 Furnace temperature


 Furnace heat-up duration, part dependend


 Temperature of heated blank prior to press closure


 Temperature of tool prior to forming


 Temperature of formed part after press release


 Experience & reliability: more than 10.000 hotformed parts per year


via PLC


via thermo image
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 In hotformed parts, threat angle often varies due to curved shape


 For lightweight design, variable part thickness makes sense:


 How to get there:


− milling of blanks or 


− laser welding before hotforming


 Series production since 2015


 Validation see pictures


NEW TECHNOLOGIES – TAILORED BLANKS


BENTELER LIGHTWEIGHT PROTECTION


Dr. Udo Klasfauseweh Public
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Laser


weld


seam


Ballistic validation Forming trials


Hotformed part
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 Flat surfaces show naturally low stiffness and massive buckling under blast load


 Under pressure load, high deflection and strain appear


 Reinforced hotformed structures help to overcome issues


NEW TECHNOLOGIES – REINFORCED STRUCTURES


BENTELER LIGHTWEIGHT PROTECTION


Dr. Udo Klasfauseweh Public
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Flat floor


V-shaped floor


with beads


V-shaped floor


Test setup: STANAG 4569, Vol. 2, Level 3b, ground clearance 500mm
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 Hotforming requires forming radii


 Welding of armor steel locally weakens armor capability


 Hotformed welded structures allow sharp edges and ballistic weld seams and 


offer new design possibilities


 Process: plate cutting – assembly welding – hotforming


NEW TECHNOLOGIES – WELDED HOTFORMED


STRUCTURES


BENTELER LIGHTWEIGHT PROTECTION


Dr. Udo Klasfauseweh Public


Welded prior to hotforming


Curved hotformed shape


Local hotformed 


depression
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NEW TECHNOLOGIES – SURFACE COATINGS 


AGAINST 5,56 X 45 


BENTELER LIGHTWEIGHT PROTECTION


Dr. Udo Klasfauseweh Public


 Spray application of metal coatings, to be applied on flat or formed armor


components and assemblies


 Layer thickness 120 – 220  µm, full multihit capability


 Some ballistic multihit results:


 Layer also provides excellent corrosion protection


Projectile Velocity


(m/s)


Standard armor


steel thickness


BSEC coated


armor steel


5,56 x 45 SS109 including BIW steel 950 ± 10 8,0 mm (HH) 6,5 mm (HH)


5,56 x 45 M193 937 ± 20 8,0 mm (UHH) 7,0 mm (UHH)


5,56 x 45 M193 1.000 ± 10 10,5 mm (UHH) 8,8 mm (UHH)
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NEW TECHNOLOGIES – INCREASED THOUGHNESS


FOR MINE PROTECTION


BENTELER LIGHTWEIGHT PROTECTION


Dr. Udo Klasfauseweh Public


 Through hotforming, already excellent toughness of ARMOX440T gets


even better:


 Customer trials have proofen a potential weight reduction of 20%


compared to non-hotformend material


ARMOX440T Rp Rm A5 Charpy-V


As delivered 1.150 - 1.300 1.400 - 1.500 10 - 13 55 - 90


Hotformed 1.000 - 1.200 1.350 - 1.450 10 - 13 70 - 110


Only marginal reduction in strength …            … but increase in


toughness up to 25%!
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BENTELER LIGHTWEIGHT PROTECTION


Dr. Udo Klasfauseweh Public


Thank you for your attention








David Poweleit
Steel Founders’ Society of America (SFSA)


email:  poweleit@sfsa.org


Update on Design, Manufacturability and 
Reliability of Steel Castings (SFSA DID)


DoD Steel Summit
November 7, 2019 – Aberdeen, MD


Disclaimer
The publication of this material does 
not constitute approval by the 
government of the findings or 
conclusion herein.  Wide distribution 
or announcement of this material 
shall not be made without specific 
approval by the sponsoring 
government activity.







Designers


17-4PH
CB7Cu-1


No NDT callout required


Plug and Play
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Perception







Design, Manufacturability & Reliability


• What is DID?


An engineered approach to steel casting performance
For a multitude of partners and purposes







Collaborative Research
Example – castings for building construction


Government


• Defense Logistics Agency (DLA)


• DOD


Industry/Consultants/Other Stakeholders


• SFSA Members


• Darrell Socie – BBM Plus


• OEM’s/Partners – GD, Emerson, 
Magma, AISC, Deere and Cat


Academia


2019 Steel Summit
Presentation
• ISU - NDT
• Lehigh - welding


2019 Steel Summit
Poster
• UI - properties
• MS&T - FeMnAl







DID Design Methodology


• Codes based on design allowables
• Model-based Process & Performance Design 


(MP2D) – lower bound modeling for local 
properties


NDT strategy for economic and performance 
design – quantitative for performance NDT


NDT Level “Quality” Index Key Quantitative Measures Structural Performance


Hardin & Beckermann, 2013







Code-based Design Allowable
ASME BPVC Model


Material Selection
(§8.3, A3A,(§2.D)


Design by Rules
(§8.4)


Design by Analysis 
(§8.5) No


No


Yes


Yes
No


Acceptable?


Yes
Acceptable?


Acceptable?


NDE Requirements
(§8.7, §5)


Construct


Deliver


Weld Repairs
(§8.6, §9)


Repairs 
Economical?


Yes


Yes


• Section II for design allowables plus adopted ASTM 
standards, e.g. SA216
– “ASME allowable” with NDT


• ASTM A216 WCB 36 ksi min YS has allowable design stress 
of 20 ksi


– 0.8 “ASME allowable” without NDT
• ASTM A216 WCB 36 ksi min YS has allowable design stress 


of 16 ksi


• Section V Volumetric Methods SG
• Section VIII Div-1 & 2 for examination 


requirements/NDT
– RT per ASTM E446 in critical sections - limits on 


porosity and shrinkage
– MT per ASTM E125 - limits on linear indications, shrink, 


porosity, inclusions, etc.
– PT - limits no linear indications > 1/4 in, no non-linear 


indications > 3/16 in


• Section IX for welding







Fracture Toughness Ratio Effect on Limiting Load
Brittle Failure (LEFM) v. Plastic Collapse


Traditional ½ YS
Non-life critical
Economical


LEFM
Life critical
Performance & cost


Ratio of KIc
2/YS2


>1 plastic
cross-section effect
<1 not plastic
toughness/length effect


Performance controls:  material, indication size, 
indication location (local loading)


LEFM


Plastic Collapse


Plastic Collapse







Relationship to BPVC


WCC
Code allowable (safe)
Plastic collapse (failure)
LEFM (not safe)







Parametric Design Model and Sensitivity Analysis


Load Type Component Design Largest Notch Failure Criteria
static
impact
low-low fatigue 
(1,000)
low fatigue (100,000)
high fatigue 
(1,000,000)


Shape:  bar, tube, “L”
Size
Load


Location:  surface, 
internal
Geometry:  
crack/notch, size, 
quantity/proximity, 
linear v. non-linear


YS
¼ YS
½ YS
¾ YS
ASME allowable
0.8 ASME allowable


Analytical failure analysis with strain controlled fracture mechanics and LEFM.
Not developing crack growth or propagation theory.


Program will not be pursuing MMPDS but will leverage a similar statistical analysis







Example Data for Normal 
Distribution, Histogram and 
Probability Plots of  Yield 
Stress Data for 8630 
Quenched and Tempered 
Cast Steel Data Collected 
from SFSA Members


8630 Q&T Steel


Data points identified as outliers


8630 Q&T Steel


Lower Bound Mechanical Properties (8630)
Determined from SFSA Data


• Mechanical test data for yield and ultimate strengths, elongation and 
reduction of area have been analyzed for 10 alloys in ASTM A958 and A487.


• Data set contains over 7000 tensile test results.







Example Lower Bound Properties (8630)
Calculated from SFSA Data


• Calculations made at the 1% and 10% levels, “A” and “B” allowables by MMPDS 
approach


• Data below is organized by ASTM A958 for seven 86xx alloys
• Results have also been analyzed for data organized by ASTM A487 for three alloys
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Solidification & MAGMAsteel Property Prediction
YS and UTS


8630 Q&T yield and ultimate strengths 
predicted from results of MAGMAsteel heat 
treatment model and additional variables such 
as cooling rates during quench vs. 
measurements 
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Casting v. Test Coupon Properties


ASTM A781:  The tension testing requirements of this specification are intended only to characterize the tensile 
properties of the heat for determination of conformance to the requirements of the applicable product specification. 
Such testing procedures are not intended to define the upper or lower limits of tensile properties at all possible test 
locations within a heat. It is well known and documented that tensile properties will vary within a heat or individual 
casting as a function of chemical composition, processing, testing procedure, and other factors. It is,  therefore, 
incumbent on designers and engineers to use sound engineering judgement when using tension test results.


Quality factors
• Porosity
• Segregation
• Welding
• Inclusions
• Cooling rate
• Surface finish
• Others


• Grain size
• Embrittlement







2


0.5” Tensile 
no. 1


0.25” Tensile 
no. 1


0.25” Tensile 
no. 2


Charpy 
no. 1


Charpy 
no. 2


Charpy 
no. 3


0.25” Tensile 
no. 3


0.5” Tensile 
no. 2


0.25” Tensile 
no. 5


0.25” Tensile 
no. 4


0.5” Tensile 
no. 3


Number of 
Specimen and Types


6 x 0.25” Tensile
4 x 0.5” Tensile


3 x Charpy


0.5” Tensile 
no. 4


0.25” Tensile 
no. 6


Commercial Casting Properties


0.5” Tensile 
no. 1


0.25” Tensile 
no. 1


0.25” Tensile 
no. 2


Charpy 
no. 1


Charpy 
no. 2


Charpy 
no. 3


0.25” Tensile 
no. 3


0.5” Tensile 
no. 2


0.25” Tensile 
no. 5


0.25” Tensile 
no. 4


0.5” Tensile 
no. 3


0.5” Tensile 
no. 4


0.25” Tensile 
no. 6


0.5” Tensile 
no. 1


0.25” Tensile 
no. 1


0.25” Tensile 
no. 2


Charpy 
no. 1


Charpy 
no. 2


Charpy 
no. 3


0.25” Tensile 
no. 3


0.5” Tensile 
no. 2


0.25” Tensile 
no. 5


0.25” Tensile 
no. 4


0.5” Tensile 
no. 3


0.5” Tensile 
no. 4


0.25” Tensile 
no. 6Modeling indicators


• Porosity
• Solidification rate (range and time)
• Niyama criterion
• Carbon segregation ratio
• Predicted properties
• Phase fractions of microstructures







Steel Master Curve


• Fracture toughness


• Based on Nil 
Ductility 
Temperature from 
CVN


• Conservative


• Cost-effective







NDT Test Methods


• Visual


• Liquid penetrant


• Magnetic particle


• Radiographic


• Ultrasonic







Quantitative NDT


Digital surface inspection (visual)


Automated image analysis (RT)







“Real” Test Specimens


Full Size Casting Test Demonstration
Casting Quality Effect on Performance:


• Surface finish
• Shrink Porosity
• Gas Porosity
• Inclusions


Plastic Strain 
at Ultimate







“Real” Test Specimens







“Real” Test Specimens
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Procedure
• Import radiograph into digital 


imaging software
• Convert Image into CMYK colors
• Establish baseline K value for 


grayscale intensity of solid 
regions


• Estimate location, size and 
depth of indications based on 
lower K values relative to 
baseline


• To ensure best possible 
modeling, average K value over 
the pixels in a given region 
were used for each indication


Phase I Castings: Internal Indications







Heavy Section Mechanical Properties
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WCB Data
Mean = 105.83 ksi
Standard Deviation = 8.41 ksi


Mean = 44.87 ksi
Standard Deviation = 2.56 ksiCharacterize mechanical properties 


and microstructure of heavy section 
castings


Preliminary analysis on:
• WCB and 8630
• 4” Y-blocks sectioned for tensile 


testing







Max Pore Cluster Size







CAF96 Elongation Achilles Heel


Uncertainty:  testing & measurement errors
Set #1 all over the map?
HIP-like properties second set
Max pore cluster size (hydrogen) : Elongation
Difference in ratio from Set #1 to #2
More “noise” when at mid level porosity
Less dependency on location
Max pore cluster size random
Need to consider sample as a whole for porosity
Ability to model?







Alloy 2A Alloy 2B


Cast-to-Cast A148 Grade 115/95 (8630) A148 Grade 115/95 (8630)


Cast-to-Mill A148 Grade 115/95 (8630) 4130


Mill-to-Mill 4130 4130


Alloy 1A Alloy 1B


Cast-to-Cast WCB WCB


Cast-to-Mill WCB A516 Grade 70


Mill-to-Mill A516 Grade 70 A516 Grade 70


Production and Fabrication Welding


Chemistry C Mn Si Cr Ni Mo P S V Cu


ASTM A216 WCB 0.30 1.00 0.60 0.50 0.50 0.20 0.035 0.035 0.03 0.30


Measured 0.21 0.93 0.4 0.28 0.17 0.05 0.012 0.002 0.02 0.1


UTS, ksi YS, ksi %El %RA


ASTM A216 WCB 70-95 36 min 22 min 35 min 


Measured* 73 46 35 63


*1750F 4hrs, air cooled, 1200F 4hrs, air cooled


Alloy 1 – carbon steel







Production and Fabrication Welding


ASME BPVC Section IX 
(for ¾” ≤ test coupon T < 1.5”)1


AWS D1.1
(for test coupon T ≥ 1”)2 Additional [Lehigh] Tests


ASTM A488 [Procedure]
(3/4” to 1-1/2” thickness)


4 transverse side bend
2 reduced section tensile


4 transverse side bend
2 reduced section tensile


2 longitudinal root bend3


2 longitudinal face bend3


2 transverse root bend4


2 transverse face bend4


1 weld metal tensile5


1 macroetch6


1 macrohardness7


CVN8


4 transverse side bend
2 reduced section tensile


1 Qualifies 3/16” to 2T base metal thickness
2 Qualifies 3/16” and thicker
3 Required in ASME BPVC Section IX and AWS D1.1 only if bending properties between base metals or base metal and weld metal are markedly different (e.g. welding Grade 
115 to Grade 60)
4 Required in ASME BPVC Section IX for test coupon T <3/4” and in AWS D1.1 for test coupon T ≤ 3/8”
5 Required in AWS D1.1 to qualify ESW and EGW or to qualify  filler metal (consumable)
6 Required in AWS D1.1 for PJP and fillet welds
7 For informational purposes only
8 CVN is not required by the material specification A148 115/95 so CVN test will be done only for informational purposes. CVN test will be @ lower shelf temperature (to be 
determined from DBTT testing of cast base metal). Lower shelf T is typically used because it is the worst case scenario (provides most conservative value). Test at 2 locations (3 
samples each location): weld metal and HAZ (on cast-to-mill, HAZ in both sides will be tested)







Test Type Direction Number of Tests
Cast to Cast 


(A216 WCB to A216 WCB)
Cast to Wrought 


(A216WCB to A516 Grade70)


Wrought to Wrought 
(A516 Grade70 to A516 


Grade70)


Bend Test 


Transverse Root 2 Acceptable
Acceptable (note: 2-retests)
(Initial 1 of 2 unacceptable)


Acceptable


Transverse Face 2 Acceptable Acceptable Acceptable


Longitudinal Face 2 Acceptable
Acceptable (note: 2-retests)
(Initial 1 of 2 unacceptable)


Acceptable


Longitudinal Root 2 Acceptable Acceptable Acceptable


Transverse Side 4 Acceptable Acceptable Acceptable


Tensile Test


Transverse 2
Avg. UTS: 73.8 ksi
Failure Location: Base Metal


Avg. UTS: 75 ksi
Failure Location: Base Metal


Avg. UTS: 79.3 ksi
Failure Location: Base Metal


All Weld 1
YS: 90.5 ksi
UTS: 97.6 ksi
%Elongation: 24


YS: 87 ksi
UTS: 94.8 ksi
%Elongation: 24


YS: 75.5 ksi
UTS: 86.3 ksi
%Elongation: 27


Base Metal 2
YS: 38.4 ksi
UTS: 72.8 ksi
%Elongation: 29


none
YS: 47.5 ksi
UTS: 78.1 ksi
%Elongation: 34


Charpy Impact Testing is underway


Summary of Results (as per D1.1)







Casting Processing Technology Development
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Casting Processing Technology Development







M2 Bradley FeMnAl Track Shoe







Top 25 Job Shortages


1. Locomotive firers 
2. Respiratory therapy technicians
3. Parking enforcement workers
4. Word processors and typists
5. Watch repairers
6. Electronic equipment installers and repairers, motor vehicles
7. Foundry mold and coremakers
8. Pourers and casters, metal
9. Computer operators
10. Telephone operators
11. Mine shuttle car operators
12. Electromechanical equipment assemblers
13. Data entry keyers
14. Postmasters and mail superintendents
15. Electrical and electronic equipment assemblers
16. Coil winders, tapers, and finishers
17. Grinding and polishing workers, hand
18. Timing device assemblers and adjusters
19. Switchboard operators, including answering service
20. Prepress technicians and workers
21. Drilling and boring machine tool setters, operators, and tenders, metal and plastic
22. Textile knitting and weaving machine setters, operators, and tenders
23. Milling and planing machine setters, operators, and tenders, metal and plastic
24. Forging machine setters, operators, and tenders, metal and plastic
25. Legal secretaries


https://www.foxbusiness.com/features/fastest-disappearing-jobs-in-us


• US employers added 196,000 jobs in 
March (118th month of straight gains) 
and average hourly earnings rose by 4 
cents ($27.70)


• US Bureau of Labor Statistics has been 
projecting the fastest declining 
occupations in the U.S. by 2026
• 818 occupations tracked
• 7% increase by 2026
• Some industries are actually 


seeing a rapid decline in terms of 
employees


• Automation may eliminate 20-25% of 
current jobs







NextGenMfg Group (ManTech)


• Steel Foundry 4.0
• IoT
• A.I.
• Machine Learning
• Industry 4.0
• Smart Manufacturing


• DID advanced manufacturing 
technology for steel foundries
– Smart automation


– AI process improvement


– AR training, mfg, IOT







The AI Challenge


• Flint water


• Boeing 737 MAX 8


• Mammogram accuracy







Questions


Real casting properties
Test specimens v. real castings


Eccentric loading/complex geometry, indication size 
compared to cross section of test specimen v. casting


Welding – minor v. major
Not based on testing/data?  Difference is mandatory stress 
relieve and NDT?  If weld size is used to define major/minor, 
then heavier section castings become more difficult.  20% of 
wall or 1”, or 10 in2.  Ban on major welds/not wanting a 
through wall repair for an internal (inaccessible) crack.  


Design/customers
Two methods.  Properties?  Means to communicate & 
disseminate.
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This research is sponsored by the DLA-Troop Support, 
Philadelphia, PA and the Defense Logistics Agency Information 
Operations, J62LB, Research & Development, Ft. Belvoir, VA








Development of meaningful relationships 


between steel casting surface inspection 


results and performance


Dr. Frank Peters 


Dr. David Eisenmann


Jeffrey Tscherter


Daniel Schimpf 


Sharon Lau


Industrial and Manufacturing 


Systems Engineering







Surface Roughness: Standards


2


IMSE


• Common today: visual and tactile comparison 


with standards (SCRATA plates, GAR C-9)


• Subjective results cause issues 


• Demand for reliable objective results







Objective Methods


• Today’s objective methods include:


• Profilometer: often 2D or small


test area 


• Laser scan + 3D roughness standards Sa, 


Sq: needs underlying geometry detection and 


are not based on spatial information  


 Mostly useful for machined surfaces
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IMSE


https://scientificservices.eu/item/1524/image/intra_50.jpg







Future Vision
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IMSE


• Digital standard for roughness determination 


• Handheld laser scanner with touchscreen computer 


(prob. Android or Linux) to scan and calculate 


roughness values 







Surface Quality Inspection


• New standard to reliably specify and detect the required 


surface conditions


• Quantitative method considers:


o Spatial information


o Underlying geometry


o Abnormalities


• Variogram roughness values are comparable to Sq & Sa 


values 


o Usually variogram roughness will be lower than Sq & Sa values


o For random point clouds Sq equals variogram roughness
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Laser scan of 
surface


(Cut Point 
cloud)


Enter 
Parameters & 
Program Start


Determine 
underlying 
Geometry


Calculate new 
height values


Determine 
Abnormalities


Remove 
Abnormalities


Calculate 
Surface 


Roughness


6


Process
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2. Spatial Information: Variogram
• Variogram plots the squared height difference for 


two points over the distance that they are apart 


• For bigger distances between points one expects a 


higher height difference than for points that are 


close together


• Method used in geology: ground


analysis
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Application
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• Input 


o Point cloud


o Acceptable surface roughness 


and abnormality area 


percentage


o Optional extra parameters


• Output: surface roughness 


and abnormality percentage


o OK / NOK


o Numeric values


Numeric Values OK / NOK







Results: Comparator Plates


9


• Clear differences between 


roughness levels for GAR-C9 and 


SCRATA A Plates. 


• 8 scans of each surface (single 


Operator)


 Usable to differentiate between 


common casting comparator plate 


surface roughness levels







Results: Gage R&R
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Plate ID


Variogram Averages


Operator 1 Operator 2 Operator 3 Operator 4


Gage R&R Category Error


Repeatability (Equipment) 9.22 %


Reproducibility (Operator) 9.46 %


Repeatability & 


Reproducibility


13.21 %


• Each bar is the mean of four 


scans


 Good repeatability and 


reproducibility







Results: Rank Comparison
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Ranking Comparison


Operator: 1 Operator: 2 Operator: 3


Operator: 4 Program


• Operators are current “roughness 


standard”


o Thus checking for correlation program vs 


operator


• Rank 19 molds of real castings based on 


surface roughness


• 4 Operators + Program


 Mean operator ranking correlates with 


ranking based on calculated surface 


roughness


 Operator ranking has big spread for some 


plates
 Plate 9: Op1 – Rank 13, Op3 – Rank 4







Results: Industry
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• Scans of casings at 3 different foundries


• Compared surface roughness of “good” 


and “bad” surface patches on castings 


with similar geometry


• Pairwise comparison was able to show 


higher surface roughness


on most “bad” castings


o Exceptions seem to be


caused by anomalies 


on surface


Surface rougher


Surface smoother


Anomaly


Results at one foundry







Measurement error in wet MPI


1) Measurement error due to surface roughness


• Rough surfaces tend to cause particles tend to 


catch in the valleys of the surface [1]


• What is the effect of surface roughness?


• Can we quantify it?


2) Measurement error due to human and process


• Gauge R&R


13


IMSE


[1] “Magnetic Particles,” NDT Resource Center. [Online]. Available:https://www.nde-ed.org/EducationResources/CommunityCollege/MagParticle/Equipment/Particles.htm.



https://www.nde-ed.org/EducationResources/CommunityCollege/MagParticle/Equipment/Particles.htm.





1) Measurement error due to surface roughness
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IMSE


Why does surface roughness matter?


1) Particles gets caught in the valleys of the surface


- Wet particles (10µm) smaller than dry particles (50-150µm) [1]


- Hence, tend to catch especially on rougher surfaces [2]


- Makes it harder to see indication / false positives


2) Some extreme surface textures may create magnetic flux leakage areas


- Makes it harder to see indication / false positives


[1] “Wet Suspension Inspection,” NDT Resource Center. [Online]. Available: https://www.nde-ed.org/EducationResources/CommunityCollege/MagParticle/TestingPractices/Wet Suspension.htm.


[2] “Magnetic Particles,” NDT Resource Center. [Online]. Available: https://www.nde-ed.org/EducationResources/CommunityCollege/MagParticle/Equipment/Particles.htm.



https://www.nde-ed.org/EducationResources/CommunityCollege/MagParticle/TestingPractices/Wet Suspension.htm

https://www.nde-ed.org/EducationResources/CommunityCollege/MagParticle/Equipment/Particles.htm





1) Measurement error due to surface roughness
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IMSE


Research Question 1: Do particles collect more on rougher surfaces?


To answer Question 1:
• Utilized Green (G) value from RGB scale to 


determine average green intensity of an area


• The higher the average G intensity, the higher 


the particle collection in the surface texture


• We found a significant increase in particle 


collection as surface roughness increases


Figure 1. A1 sample Figure 2. A2 sample Figure 3. A3 sample


Ave G value


127


Ave G value


144


Ave G value


161







1) Measurement error due to surface roughness
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Research Question 2: How much do the particles on the surface deter a person from seeing the indications?


To answer Question 2:
• To quantify how hard it is to see an indication 


due to surrounding particles on the surface


• Compare indication intensity to 


surrounding area not including indication


• Hence, we can find the percentage of pixel 


surrounding the indication that is brighter than 


the average of the indication 


• This percentage represent our noise %


• We found an increasing trend in noise as 


surface roughness increases


Figure 1.Image 


containing indication


Noise Area 


Percentage = 


8%


Figure 2. Noise Area 


Percentage  


Area 


Surrounding 


Indication’s 


Average G 


Value = 138


Smallest 


rectangle 


around 


indication


Indication’s 


Average G 


Value = 177
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Figure 1. Ketos Ring Figure 2. Wet MPI on Ketos Ring Figure 3. Diameter of 0.07 


in a Depth of 0.01 in


Developed Experiment to Couple Ketos Ring 


with Surface Roughness
• Three parts with four levels of surface roughness 


were tested


• Depth of hole – 0.01’’, ⌀ of hole – 0.07’’







Surface Roughness Depth
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IMSE


Diameter


Figure 1. A1


Figure 2. A4


Figure 3. 0.01’’


Figure 4. 0.07’’


Figure 5. 0.07’’


Figure 6. 0.14’’


Experimental Setup


2 Levels, 3 Factors, 2 Replicates
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Figure 1.Average G Value for the 


Indication and Surrounding Area


Experiment Output


Noise Area 


Percentage = 8%


Figure 2. Noise Area Percentage  
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Figure 1. Predicted Noise Area Percentage Versus All the Treatment Levels


Experimental 3 (3 Factors) - Results
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• Depth was found to affect   the 


noise area percentage the most 


(p = 0.09).


• Diameter and surface roughness 


had less significant effects (p = 


0.22, 0.72)


• The model accounts only for 31% 


of variability


Figure 1.


A) Predicted Values for Noise Area Percentage


with All the Combinations of Roughness and


Diameter at Depth of 0.254 mm (0.01 in)


B) Predicted Values for Noise Area Percentage


with All the Combinations of Roughness and


Diameter at Depth of 1.78 mm (0.07 in)


Experimental 3 (3 Factors) - Results







2) Measurement error due to human & process


22


IMSE


• Gauge R&R (3 foundries)


• Method – Used magnets to identify where operators find indications 


–Calculations (see images below)


Figure 1. Blue “x” represents Operator 1 Part 1 Trial 1


Red circles represent Operator 1 Part 1 Trial 2


Repeatability = 40% because 2 out of 5 match Reproducibility ≈ 67% because 4 out of 6 match


Figure 2. Blue “x” represents the union of Operator 1 Part 1 all Trials


Red circles represent the union Operator 2 Part 1 all Trials







2) Measurement error due to human & process
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Results (% indication matched) :-


• Foundry 1 (3 op, 6 parts, 2 times) - 73% for repeatability 48% for reproducibility


• Foundry 2 (2 op, 6 parts, 2 times) - 39% for repeatability 22% for reproducibility


• Foundry 3 (1 op, 4 parts, 2 times) - 29% for repeatability


Figure 3.Trial 1 Area A Figure 4. Trial 2 Area A


What caused low % match? 


Could be the orientation or magnetic field strength. 


Where is it?


Where is it?







ISU Test Casting to Study Impact of 


Surface Roughness on Fatigue


• Casting designed with 


little centerline shrink


• 7 x 14” – can get up to 


3 specimens from 


plate


• Produced with varying 


surface roughness 


and intentional and 


unintentional porosity 


and inclusions







ISU Test Casting to Study Impact of 


Surface Roughness on Fatigue


• Up to 3 bars per casting


• Position based on surface 


conditions


• Water jet cut from plate











Goals


• Analysis of castings via NDE and surface 


classification methods


• Determine the effect casting surface and near 


surface condition on fatigue life


• Develop relationship between NDE results and 


casting life
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Test Plan
• Visually inspect per ASTM A802 (SCRATA)


• Laser scan


• Create rubber impressions of the surface


• Radiography


• Magnetic Particle Inspection


• Decide locations of test bars


• Water jet test bars from plates


• Uniaxial fatigue testing on test bars including areas 
of interest (surface and internal discontinuities)


• Material characterization by UAB











Machining Steps


• Datum edges are machined to allow for easier 


identification of test bar locations in NDE 


images


• Water jet cut specimens 


• Test bars are machined to provide appropriate 


gripping surface
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NDE


• Radiograph


• Magnetic Particle Inspection (MPI) 


• Laser scanning
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Fatigue Testing


• Uniaxial full tension (at 75% yield for now)


• 10 Hz


• Initial test with strain gauges showed that cyclic 


ratcheting and shear were not factors
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Results so far….
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Gas Porosity
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Side Surface
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Shrinkage and Gas Porosity
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Casting Surface
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Results – 003-1
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Results – 003-1


• Cycles to failure = 216,810


• A1 surface
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Results – 003-2
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Results – 003-2


• Cycles to failure = 421,342


• A1 surface


41







Results – 003-3
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Results – 003-3


• Cycles to failure = 333,369


• Machined surface
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Results – 003
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Results – 001-2
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Results – 001-2
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Results – 001-2


• Cycles to failure = 440,223


• A1 surface
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Results – 004-1
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Results – 004-1


• Cycles to failure = 228,000


• A4 surface
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Results – 004-2
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Results – 004-2


• Cycles to failure = 736,158


• A4 surface
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Observations so far


• Socie was right.  Inclusions/porosity appear to 


influence fatigue life more than casting surface 


finish


• Casting surface does not seem to be 


significant? 
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Next Steps


• More alloys to be tested


• Surface decarburization


• Machined indications


• Use results from UAB to guide future direction 


and conclusions


• Bridge the gap between NDE and fatigue lives
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Thank You!


• Disclaimer: The publication of this material does 


not constitute approval by the government of the 


findings or conclusion herein. Wide distribution 


or announcement of this material shall not be 


made without specific approval by the 


sponsoring government activity.


• Acknowledgement: This research is sponsored 


by the DLA-Troop Support, Philadelphia, PA 


and the Defense Logistics Agency Information 


Operations, J62LB, Research & Development , 


Ft. Belvoir, VA
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Mitigation of Hydrogen Induce Cracking and 


Mechanical Properties Enhancement using Low 


Temperature Phase Transformation Welding Filler Wire 
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• Background


– Hydrogen Inducted Cracking (HIC)


– HIC control principle


• The Tekken (HIC) test specimen


• Neutron testing on Tekken Test Specimens


• Multiple pass restrained joint configuration


• do mapping


• Neutron testing on multiple pass restrained joint 
configuration


• Mechanical Properties


• Next Steps
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HIC - BACKGROUND


What is Hydrogen Induced Cracking?


– Atomic Hydrogen can diffuses into steel at high temperatures (liquid 
state), in amount that exceeds the solid – solubility at low temperature.  


– At low temperatures atomic hydrogen precipitates out to form molecular 
hydrogen, “small voids”, along grain boundaries.


– These voids create an internal stress were the metal has reduced tensile 
ductility and strength.


– Cracking occurs when  applied or residual tensile stress exceeds the 
reduced tensile strength of the steel.


Fundamental factors leading to HIC.
1. Hydrogen present to sufficient degree.


2. Residual tensile stress


3. A susceptible microstructure


4. A low near ambient temperature is reached. 


All four factors must be simultaneously present
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MITIGATING HIC


Current Pathways to Prevent/Mitigate Weld HIC


– If we eliminate one of the factors HIC does not occur.


Option 1 - Use a different steel grades
– HSLA,  Micro-alloyed steel, i.e., non martenisitic grades steels
– Not a true option for military ground combat vehicles.


Option 2 - Low-Hydrogen Welding Practices.
– Use of “low-hydrogen” electrodes
– “Dry-baking” electrode before welding
– Pre-heating requirement.
– Minimum heat input requirement
– Option 2 is effective when applied properly and consistently.


New Option - In-process residual stress control (relatively new development)


– Principle: control and alter the “normal” thermal expansion/contraction sequence of 
welding


– Special weld filler metal by means of low-temperature phase transformation (LTPT)


– In-process proactive thermomechanical management


– Potential benefit: no added steps in assembling
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MITIGATING HIC THROUGH WELD RESIDUAL 


STRESS CONTROL


Residual Stress  control to Prevent/Mitigate Weld HIC


– Over the years, post-weld heat treatment (>500 C typically) has been the 


only practical (and costly) approach to reduce weld residual stress.


– In armor materials such as MIL-DTL-46100 temperatures exceeding 300 


F are not allowed)


Post-weld surface residual stress modification (long-history)


– Principle: by means of surface plastic deformation


– Laser shot peening, Sand blasting/peening, Low plasticity burnishing


In-process residual stress control (relatively new development)


– Principle: control and alter the “normal” thermal expansion/contraction 


sequence of welding


– Special weld filler metal by means of low-temperature phase 


transformation (LTPT)


– In-process proactive thermomechanical management


– Potential benefit: no added steps in assembling
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• Special filler wire is formulated with its martensitic phase transformation temperatures 


designed much lower than the austenite decomposition temperature range of the base metal.


• Formation of compressive residual stress in the weld region as result of volumetric expansion 


of martensite through very low-temperature martensite phase transformation.


• Initial developments in Japan in 1990s for thick sectioned structures


• ORNL has been working on this technology since 1995 for several different applications 


(residual stress and distortion control and fatigue life improvement of steel pipelines and auto-


body structures


In-process Residual Stress Control


Ohta et. al. Fatigue Strength Improvement of Lap Joints of Thin Steel Plate Using Low-Transformation-


Temperature Welding Wire Welding Journal, 2003, 78-S
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DEVELOPMENT OF WELD WIRES 


Filler wire design concept


– Utilizing martensite transformation (LTT) to reduce 


tensile residual stress in the weld 


– Add austenite stabilizing alloy element (e.g. Ni, Cu) to 


promote retained austenite formation (to trap hydrogen 


and slowdown diffusion into hardened HAZ.


– Unique challenge for armored steel: match the strength 


and other properties of base metal


Start with modifying the composition of commercially 


available martensitic weld filler wire
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MATERIALS USED


Base steel plates
– MIL-DTL-12560 and MIL-DTL-46100


– ½” thick plates. 96”x288” each 


Steel C Mn P S Cu Ni Cr Mo Si V Ti Al Nb B N CE
12560 0.23 1.2 0.005 0.002 0.17 0.12 0.12 0.45 0.25 0.003 0.025 0.025 0.001 0.002 0.008 0.56
46100 0.3 0.95 0.006 0.002 0.17 1 0.5 0.55 0.4 0.003 0.025 0.04 0.001 3E-04 0.007 0.74


C Mn Cr Ni Si Mo Cu V Ti


Wire 


Composition
0 - 0.4 0 - 2 5 -15 6 - 20 0 - 2 0 - 0.2 0 - 0.4 0 - 0.5 0-0.5
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TEKKEN TEST
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TEKKEN TEST – HIC TESTING


HIC testing: Y-Groove (aka Tekken) test 
(ISO 17642-2)


Chosen over other types of HIC weldability 
tests for its representative weld residual 
stress field


Welding parameters
– Travel speed: 8 in/min
– Voltage: 25.9V
– Wire feed rate: 255-280 in/min
– Shielding gas: 98% Argon/2% O2 or 


75%Argon/25%CO2


Steel plate surface grounded and cleaned 
to remove oxide


All welds were made in air, without addition 
of moisture/hydrogen (TN weather, in 
lab, 50-60% humidity)
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TEKKEN TEST RESULTS – ER100 WIRE


HIC testing results on ER100S/110S







12DISTRIBUTION A.  See first page. 


TWO EXPERIMENTAL WELDING FILLER 


WIRES MANUFACTURED (A2 AND G)


Using industry scale weld 


filler metal practices 2 


heats were manufactured.


• ONRL - G  = Heat 


HV1764


• ~7% Ni


• ~12% Cr


• ONRL - A2 = Heat 


HV1766


• ~10% Ni


• ~10% Cr
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Y-GROOVE TESTS ON NEW WIRES


No pre-heat, no surface crack observed 


ORNL-A2


HV1764


ORNL-G


HV1766
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BOTH EXPERIMENTAL FILLER WIRES SHOW 


SIGNIFICANT HIC RESISTANCE
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RESIDUAL STRESS MEASUREMENT
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RESIDUAL STRESS CHARACTERIZATION –


NEUTRON DIFFRACTION


R. A. Lemaster et al., 2009


Neutron Residual Stress 


Setup
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ORIENTATION WITH RESPECT TO THE WELD


σtrans


σlong


σnorm
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RESIDUAL STRESS OF ER100 WELD WITH 


PLAIN STRESS ASSUMPTION


Residual stress distribution of Y-groove plate 


welded using LA-100


(a) transverse direction 


(b) longitudinal direction 


(c) distribution of FWHM
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RESIDUAL STRESS OF FILLER WIRE HV1766 


WELD WITH PLAIN STRESS ASSUMPTION


Residual stress distribution of Y-groove plate welded 


using HV1766-100


(a) transverse direction 


(b) longitudinal direction 


(c) distribution of FWHM
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MULTIPLE PASS WELD – RESTRAINT JOINED 


CONFIGURATION


Base Plate Materials 


– RHA per MIL-DTL-12560


– HH per MIL-DTL-46100


Weld Wire


– ER100


– HV1764 experimental wire


– HV1766 experimental wire


Welded Test Plates


– 7x 12 x 0.5 inch plates


– Single bevel 45o included angle with a 
0.25 in root opening


– Mild Steel Backer


– 12 x 7 stiffener plates


Welding parameters


– 3 Passes 


– Voltage: 23-26 V


– Current 158-165 Amps


– Wire feed rate: 200-210 in/min


– Shielding gas: 95% Argon/5% CO


– Max interpass temperature 150oF


– NO Preheat


P1


P2


P3
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MEASUREMENT SET UP


• Normal and Transverse Direction


– Gauge Volume 2 x 2 x 10 mm3


– Exposure Time 200 Seconds


• Longitudinal Direction


– Gauge Volume 2 x 2 x 2 mm3


– Exposure Time 600 Seconds


• Area Mapped


– 120 mm x 8 mm


• Residual Stress measured at center of 


weldment
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do MAPPING


In order to calculate residual stress need do.


– Zero strained lattice spacing


Previously used a plain stress assumption to estimate 


residual stress. 


– Details are in Yu et. al., Residual Stress Mitigation 


Using Low Temperature Phase Transformation 


Filler Wire in Welded Armor Plates, Residual 


Stresses 2016: ICRS-10.


We expect the do to vary across the microstructure of the 


weld. 


– Weld Zone, HAZ, and Base Metal will have different 


do values.


Mapp out do values by cutting a “honeycomb”


– Ideal to use the same samples were used for the 


residual stress samples.


– Time constraints – welded separate sample with 


identical welding conditions but no restraints.


Mapping gives a more accurate description of the state 


of stress.
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Stress


FWHM


FWHM –STRESS MAP HH-ER100
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Stress


FWHM


FWHM –STRESS MAP HH-HV1764
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Stress


FWHM


FWHM –STRESS MAP HH-HV1766
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COMPARING ALL THREE WELD WIRES


HV1766


HV1764


ER100


HV1766


HV1764


ER100
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COMPARING ALL THREE WELD WIRES


HV1766


HV1764


ER100
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WHY do MAPPING


do mapped


single do
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MECHANICAL PROPERTIES
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Y-GROOVE TESTING RESULTS


HV1764 on 12560


Hardness is 418 HV


HV1766 on 12560


Hardness is 410 HV
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ALL WELD METAL TENSION TEST
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• HV1764 UTS: 1048MPa (152ksi)


• HV1766 UTS: 1068MPa (155ksi)
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LONGITUDINAL TENSILE TEST
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Experimental Weld Composition (HV1766 -RHA)


Pass 2-3_Sample 1


Pass 2-3_ Sample 2


Pass 1- 2_Sample 1


Pass 1-2_Sample 2


• 3 Pass weld on 1/2 inch MIL-DTL-12560


• No Pre-heat


• Voltage 24.5, Current 155 Amps, Wire Feed 200 IPM, Travel Speed ~12 IPM
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TRANSVERSE TENSILE CURVES
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Comparison of Tensile Properties for Two weld wires HV1766 and 
ER100.  MIL-DTL-12560 base metal


ER100-MIL-DTL-12560


HV1766-MIL-DTL-
12560


• 3 Pass weld on 1/2 inch 12560


• ER100-12560 fracture in the weld metal


• HV1766 weld wire fractured in base metal
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CHARPY IMPACT TESTING RESULTS
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Charpy  Impact Energy Curve for HV1766 and MIL-DTL-12560


MIL-DTL-12560


HV1766


• HV1766 produced lower than expected Charpy Values.


• Causes of low toughness are being analyzed, solutions to 


increase the weld toughness are planned.
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CHARPY IMPACT SURFACE  -40 oC


• Photograph showing the fracture surface of the charpy impact 


sample at room temperature. Weld wire HV1766


• 100% microvoid ductile fracture surface 


• A fine dispersion of Mn, Si, O inclusions were found in the 


fracture surface (EDS analysis). 
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WELD GASES AND AFFECT OF TOUGHNESS


SAMPLES T1 & T2


CVN Fracture Surface Sample T1


LTTW1764/12560, GMAW, 


95Ar5CO2. CVN - 22J


T1


CVN Fracture Surface Sample T2


LTTW1764/4600, GMAW, 


95Ar5CO2. CVN -19 J


T2







37DISTRIBUTION A.  See first page. 


WELD GASES AND AFFECT OF TOUGHNESS


SAMPLES T3 & T4


T3


CVN Fracture Surface Sample T3


LTTW1766/46100, GMAW, 


95Ar5CO2. CVN – 121 J


T4


CVN Fracture Surface Sample T3


LTTW1766/46100, GMAW, 


95Ar5CO2. CVN - 17J
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WELD GASES AND AFFECT OF TOUGHNESS


SAMPLES T3 & T4


CVN Fracture Surface Sample T5


LTTW1766/46100, GTAW, 100Ar. 


CVN - 121J


T5 T6


CVN Fracture Surface Sample T6


LTTW1766/46100, GMAW, 


75Ar25He. CVN - 58 J
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EFFECT OF WELDING GASES ON 


TOUGHNESS - SUMMARY


• Try several more shielding gases with both GMAW 


and GTAW


• Study the relationship between the inclusion density 


in the weld metal and its toughness







40DISTRIBUTION A.  See first page. 


CONCLUSIONS AND NEXT STEP


• Preliminary DATA shows HIC reduction through in-situ residual stress control during  


welding is an effective method of controlling HIC.


• Experimental wire develop a more favorable state of stress than the standard 


ER100 wire


• Finish Testing at HFRI for multiple pass welding


• Characterize surface residual stress with XRD.  sin2 y method


• Section for metallography and mechanical performance 


• Experiment with Weld Gases in order to increase toughness.
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Background: Industrial Relevance
• Fe-Mn-Al steels have high specific strength


• Low density due to high Al and C concentrations


• High hardness/strength from κ strengthening


• Fe-Mn-Al steels are potential substitute for low alloy steels used in Rolled 
Homogenous Armor (RHA) applications


• Mechanical property requirements


• Hardness: 331HB to 375HB (350HV to 400HV)


• Toughness: >9ft-lbs in T-L orientation @-40°F


Element C Cr Mn Mo Ni P Al Si Cu


Fe-Mn-Al (wt%) 0.99 0.09 29.28 0.48 0.11 0.01 8.44 0.83 0.12


1


Material RHA-current Fe-Mn-Al


Density 7.8 g/cm3 6.7 g/cm3 


Specific Strength - Compression
(Solution Treated)


BHN 224
173 MPa/ρ (646 ksi/ρ) 


BHN 224
231 MPa/ρ (933 ksi/ρ)


Specific Strength - Compression
(Aged)


BHN 352
192 MPa/ρ (775 ksi/ρ)


BHN 343
246 MPa/ρ (995 ksi/ρ) 


Howell, R., Weerasooriya, T. & Van Aken, D. Tensile, high strain rate compression and microstructural evaluation of lightweight age 


hardenable cast Fe-30Mn-9Al-XSi-0.9c-0.5Mo steel. Int. J. Met. 4, 7–18 (2010)







Challenges and Approach
• Fe-Mn-Al is a precipitation (kappa carbide) strengthened steel 


• Coherent with austenitic matrix;   <100>κ//<100>γ and {001}κ//{001}γ


• Solvus temperature: 750°C  - 800°C


• Peak temperatures in heat affected zone (HAZ) from welding varies from 
liquidus to ambient 


• Can cause coarsening, dissolution, growth or any combination


• Growth/coarsening/dissolution kinetics


• Distance from weld (position)


• Investigating need for a post weld heat treatment (PWHT)?


• No matching filler exists


• Investigating effect of dilution and PWHT on dissimilar metal welds
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Heat Affected Zone: Gleeble Simulations


• Smart Weld® package developed by Sandia National Lab was used to calculate HAZ thermal 
cycles for six peak temperatures


• Peak temperatures selected to study the effect of all possible transformations in HAZ 


• The six peak temperatures selected were 1200°C, 1050°C, 880°C, 780°C, 600°C, and 400°C


• Two heat inputs, 1000J/mm and 2250J/mm will be investigated
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• Smart Weld® package developed by Sandia National Lab was used to calculate HAZ thermal 
cycles for six peak temperatures


• Peak temperatures selected to study the effect of all possible transformations in HAZ 
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Heat Affected Zone: Gleeble Single Pass Study


• Heat input has no affect on heat affected zone hardness


• Lower hardness for peak temperatures >600°C ----- kappa dissolution and/or coarsening 


• Ageing brings back hardness; suggests dissolution as the primary mechanism for reduction in hardness


• Kappa carbides are stable over long ageing times ----- hardness does not change between 30hr to 60hr age


Precipitate dissolution/
coarsening


4


Simulated HAZ on Aged Base Plate


Kappa solvus
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Heat Affected Zone: Gleeble Single Pass Study


• Heat input has no affect on heat affected zone hardness


• Lower hardness for peak temperatures >600°C ----- kappa dissolution and/or coarsening 


• Ageing brings back hardness; suggests dissolution as the primary mechanism for reduction in hardness


• Kappa carbides are stable over long ageing times ----- hardness does not change significantly between 30hr to 60hr age
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Room Temperature Tensile Test


• Similar tensile properties for both heat inputs


• High work hardenability for low hardness specimen
• Low work hardenability in high hardness specimen due to 


precipitates


• Yield Strength and Tensile strength follow the same trend as 
hardness


• High ductility at all temperatures >40% 


• 1200°C similar to 600°C / 400°C


• Possible mechanism at 1200°C- precipitation of 
intragranular kappa during cooling (lower ductility for high 
heat input)


2250J/mm 1000J/mm Heat Affected Zone Hardness 
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Work
Hardening
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Room Temperature Tensile Test


• Similar tensile properties for both heat inputs


• High work hardenability for low hardness specimen
• Low work hardenability in high hardness specimen due to 


precipitates


• Yield Strength and Tensile strength follow the same trend as 
hardness


• High ductility at all temperatures >40% 


• 1200°C similar to 600°C / 400°C


• Possible mechanism at 1200°C- precipitation of 
intragranular kappa during cooling (lower ductility for high 
heat input)


2250J/mm Heat Affected Zone Hardness 1000J/mm
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Fusion Zone: Dissimilar Metal Weld
• No matching filler metal exists for Fe-Mn-Al alloy


• Identifying commercially available grades as potential 
candidate; dissimilar metal weld (DMW)


• Preliminary trials on austenitic fillers like 316L: low 
cost, high toughness


• Chemical potential gradient across fusion line of DMW 
due to large difference in composition


• PWHT of DMW can lead to diffusion across fusion line


• Second phases can form causing discontinuity in 
mechanical properties
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Element C Cr Mn Mo Ni P Al Si Cu


316 (wt%) 0.06 19.12 1.73 2.15 11.64 0.024 0 0.64 0.29


Fe-Mn-Al (wt%) 0.99 0.09 29.28 0.48 0.11 0.01 8.44 0.83 0.12
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Element C Cr Mn Mo Ni P Al Si Cu


316 (wt%) 0.06 19.12 1.73 2.15 11.64 0.024 0 0.64 0.29
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High C-concentration
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• Autogenous welds made on 13-8 and 
17-4PH steel plates


• PHWT’ed at 538°C for 30 hours + AC


• 17-4 fusion zone has hardness values 
similar to that of the aged HAZ and 
Base metal of Fe-Mn-Al steels


• 13-8 fusion zone hardness is high 
than the Fe-Mn-Al base metal


• 17-4 is a candidate for 2nd filler metal


• Fusion zone toughness in as-welded 
and PWHT’ed will be evaluated for 
17-4 filler metal
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Conclusions


• Heat input had no effect on HAZ hardness 


• A direct age treatment after welding can 
restore strength; no solutionizing required


• HAZ tensile properties follow similar trend 
as hardness ---- kappa dissolution lead to 
lower yield strength, high ductility and 
higher work hardening


• Evolution of microstructure and mechanical 
properties across the DMW fusion line is 
being studied 
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Phase Transformations and 
Mechanical Properties in the Fusion 


Zone of 10 wt% Ni Steel
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Background on 10 wt% Ni Steel
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Steels for US naval applications require high strength and good low 
temperature toughness


• Mechanical Properties of 10 wt% Ni Steel 
− Yield Strength: 908 MPa


− Impact toughness: 147 J (-84°C)1


− Achieved via three-step heat treatment 


• CCT diagram for 10 wt% Ni steel reveals 


cooling rate insensitivity2


− Welding consumables for Naval structures need 


to be utilized for both thick and thin sections 


(i.e., a range of cooling rates) 


− It is also desirable to use the welding 


consumable in a variety of welding processes


Element C Ni Cu Mo V Cr Mn Si


Concentration (wt%) 0.1 9.64 0.16 1.53 0.06 0.65 0.64 0.18
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Tensile Properties


Gas Tungsten Arc Welding (GTAW)
Gas Metal Arc Welding (GMAW)







GTAW GMAW 
500


600


700


800


900


1000


1100


1200


1300
 Yield Strength (MPa)


 % Reduction in Area


Y
ie


ld
 S


tr
e


n
gt


h
 (


M
P


a)


40


50


60


70


80


%
 R


e
d


u
ct


io
n


 in
 A


re
a


Preliminary Welds at NSWCCD


13


Tensile Properties
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The desire is to develop a robust welding consumable capable of being utilized 
in multiple welding processes


Gas Tungsten Arc Welding (GTAW)
Gas Metal Arc Welding (GMAW)







Objectives and Experimental Approach
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• Fabrication of GTAW and GMAW welds at Lehigh and NSWCCD


• Investigation of mechanical properties and phase 


transformations in GTAW and GMAW welds 


— Charpy Impact Energy


— Microhardness


— Scanning electron microscopy


• Preliminary experiments to decouple coexisting 


microstructural features influencing the mechanical properties 


Parameters GTAW GMAW


Shielding Gas 100% Ar 98% Ar / 2% O2


Power 2300 W 6480 W


Travel Speed 1.3 mm/s 4.2 mm/s


Heat Input 1811 J/mm 1532 J/mm


# Weld Passes 43 16
0.75 in 


1.5 in 


Weld Joint Preparation


Objective: Develop an overall understanding of phase transformations and mechanical properties in 


the fusion zone of 10 wt% Ni steel welds  
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Mechanical Properties of Welds
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50 μm


2 mm


68 ± 3 J 


5 μm


Element C Cr Fe Mn Mo Ni
O 


(ppm)
Si V


GTAW 0.007 <0.01 Bal 0.74 0.63 9.86 <50 0.47 0.14
GMAW 0.017 <0.005 Bal 0.68 0.65 9.79 130 0.43 0.15


Parameter GTAW GMAW


Shielding Gas 100% Ar 98% Ar / 2% O2


68 ± 3 J at -18°C (0°F)
130 ppm O2


Nv = 9.7 x 106 mm-3


ഥ𝒅 = 𝟎. 𝟒𝟐𝝁𝒎


Quantitative Oxide Analysis
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50 μm50 μm


Parameters GTAW GMAW


Power 2300 W 6480 W


Travel Speed 1.3 mm/s 4.2 mm/s


Heat Input 1811 J/mm 1532 J/mm


# Weld Passes 43 16
Min Max
15° 65°


1. Wang et al. “Effect of microstructural refinement on the toughness of low carbon martensitic steel,” Scr. Mat. 58, 492-95, (2008). 
2. Cayron, C. “ARPGE: a computer program to automatically reconstruct the parent grains from electron backscatter diffraction data,” J. Appl. Cryst. 40, 1183-88, (2007).


• Microstructural refinement improves 
toughness of lath martensite1


• Reconstructed prior austenite grains 
overlaid with thick black line2
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Ongoing work: Experiments to deconvolute influences
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Parameters GTAW GMAW 100% Ar GMAW


Shielding 
Gas


100% Ar
98% Ar / 2% 


O2


100% Ar


Power 2300 W 6480 W 3850 – 8360 W


Travel Speed 1.3 mm/s 4.2 mm/s 3.0 mm/s


Heat Input
1811 
J/mm


1532 J/mm
1283 – 2787


J/mm


# Weld 
Passes


43 16 14
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• There are differences in fracture morphology 
between two weld types and within the 
GMAW weld 
— GMAW weld with poorer impact toughness 


exhibits some quasi-cleavage fracture
— GMAW welds contain non-metallic oxide 


inclusions whereas GTAW do not


• Differences in scale of microstructure 
between the two welds; GTAW finer 
microstructure than GMAW


• Work is in progress to separate the coexisting 
microstructural influences on toughness


50 μm


50 μm


50 μm


5 μm
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New High Strength Ni-Co-Cr Steel Alloys: 


AerMet 310, 340, and 360 for Hypersonic Structures
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Carpenter Technology Alloys are in the Stronger, Tougher, Safer Business
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Carpenter Technology: Leader in Specialty Materials and Solutions


Strategic 


Markets


Transportation Aerospace


Defense


Consumer


Energy


Industrial


Medical


130 years of innovation 


in specialty alloys


500+ high 
performance alloy 
grades
…and custom 
compositions available


Global presence
Sales, distribution, 


manufacturing


Strategic 


Markets
Ingot / Billet


OEM Relationships


Aero 
Engines & 
Structures


Medical 
Implants


Industrial & 
Consumer


Product Forms
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Aerospace & Defense: Key End Markets


LANDING GEAR ALLOYS


• AerMet® 100 alloy


• Custom 465® stainless


• 300M/4340M


SLAT/FLAP TRACKS


• Custom 465® stainless


• 15-5 PH, 13-8 PH stainless


• NiMark 250


• 4340, 4330


AIRFRAME FASTENERS
• Titanium Alloys
• Pyromet® A-286 alloy
• 15-7 PH stainless
• Nickel Copper Alloy 400


BEARING, BUSHING, & 
GEAR ALLOYS
• ACUBE 100
• Pyrowear 53
• Pyrowear 675
• CSS-42L
• Ferrium C61**


• Ferrium C64**
• M-50
• M50 NiL
• Type 440C
• 9310
• Pyrowear 225


AVIONICS / APU


• Hiperco® 50 alloy


• Hiperco® 50 HS alloy


• Carpenter High Perm “49” alloy


• Carpenter HyMu “80” alloy


• HypoCore


ACTUATION


• Custom 465® Stainless


• AerMet ® 100 alloy


• 15-5 PH


• 4340 & 4330


• Pyrowear 53


• Pyrowear 675


• 35NCD16


• 4340, 4330/4330M


• Ferrium S53**


• Lescalloy HY-TUF***


ENGINE COMPONENTS
• Pyromet® 718 alloy
• Waspaloy
• Pyromet® 355 alloy
• Pyromet® 901 alloy
• Powder (TS)


ENGINE FASTENERS


• Pyromet® 718 alloy


• Waspaloy


• MP35N*


• MP159


• Powder (HIP)
Controlled Expansion 
Superalloys


• NiMark® 250 alloy


• AerMet ® 100 alloy


• UT18 AEV


PYLON COMPONENTS


• Pyromet® 718 alloy


• Pyromet® A-286 alloy


• PH Stainless Steels


• Pyromet X-750
• Pyromet 600
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Background:  Ultra-High Strength / High Toughness Product Development


HP 9-4-45
HP 9-4-30
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AF1410250


280


310


340


360 ksi


AerMet 310


Marage 300


AerMet 100


Marage 2504340


1980’s To Now


Cost & Alloy Content


AerMet 360


1950’s 1960’s


Marage 350


AerMet  340


300M


* Note: as Tensile strength goes up, fracture toughness decreases
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Chemistry Analysis, wt%


Alloy C Si Mn Cr Ni Co Mo V Ti Al


4340 0.40 0.30 0.75 0.80 1.80 0.25


300M 0.42 1.65 0.75 0.80 1.80 0.40 0.07


HP 9445 0.45 0.25 0.30 7.75 4.00 0.30 0.10


HP 9430 0.30 0.25 1.00 7.50 4.50 1.00 0.10


Marage 250 0.01 18.50 7.75 4.90 0.40 0.10


Marage 300 0.01 18.50 9.00 4.90 0.65 0.10


Marage 350 0.01 18.00 12.00 4.50 1.30 0.10


AF1410 0.15 2.00 10.00 14.00 1.00


Aermet 100 0.23 3.10 11.10 13.50 1.20


Aermet 310 0.25 2.40 11.10 15.00 1.40


Aermet 340 0.33 2.25 12.00 15.60 1.85
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AerMet Family – Overview 


AerMet Family characteristics • Premium Double Vacuum Melted (VIM + VAR)


• Ductile Fe-Ni-Co lath martensite matrix precipitation hardened 


with M2C (M = Cr, Mo) Carbides


• Very high toughness at a given strength level


• High strength allows for a smaller design envelope


• Good Formability


• Good Weldability (new program to demonstrate weldability on 


the newer AerMet alloys
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Carpenter Technology’s AerMet Alloy Family


AerMet 100 Alloy Developed for F/A 18-E/F as a drop-in replacement for 300M but with twice 
the fracture toughness. U.S. Patent Nos. 5,087,415 and 5,268,044. Used for 
Landing Gear on F/A 18-E/F, F-22 & F-35C.


AerMet 310 Alloy U.S. Patent No. 5,866,066.  Used for Drive Shafts, Connecting Rods & Springs 
in Motorsports as well as potential use for Armor 


AerMet 340 Alloy U.S. Patent No. 5,866,066. Potential Spring and Armor Alloy.


AerMet 360 Alloy Under Development.  Potential use for Hypersonic applications.
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Carpenter Technology’s AerMet Alloy Family


Alloy U.T.S. KIc


AerMet 100 


AerMet 310 


AerMet 340 


AerMet 360


280  ksi min.


310  ksi min. 


340  ksi min. 


360  ksi min. 


100  ksi in.    min.


60  ksi in.    min. 


35  ksi in.    min. 


TBD (20 – 25ksi   in.  ) 


AerMet Alloys offer the Best Combinations of Strength & Toughness
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Rotating Bending (R = -1, Kt = 1) Fatigue Stress 
at Run-Out (107 Cycles) vs. Specific Strength
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4340


300M


AerMet Family


Excellent Fatigue Performance







Fracture Toughness vs. Specific Strength
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AerMet Provides Superior Damage Tolerance in High Strength Family
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We have been developing AerMet 360 specifically for Hypersonic needs


Property Overall Sample mean
95% Confidence interval for 
population mean


Yield Strength


Ultimate Tensile Strength


Elongation


Reduction in Area


Charpy V-Notch Impact Energy


Fracture Toughness (KIc)


Hardness


325.7 ksi


369.0 ksi


7.8%


30.4%


5.2 ft-lbs.


20.2 ksi in. min


59.1 HRC (621 BHN)


323.4 - 327.9 ksi


368.2 - 369.8 ksi


7.2 - 8.5%


26.9 - 34.0%


4.7 - 5.8 ft-lbs. 


19.9 - 20.5  ksi in.  


AerMet 360 offers extremely high strength while maintaining the  best combination of 
mechanical properties


Six 400# Heats and one 7.5 ton heat melted to date, 1st heat used in heat treat DOE to determine following properties.  
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Summary


Challenge: 


The World’s toughest applications need 
the world’s toughest alloys.


Solution:


AerMet Alloys 


When you need strength and toughness, 
and have the real estate to trade, AerMet can 
provide the important property boost
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Agile Manufacturing ICME Toolkit


2


Purpose: Advance ICME capabilities at NSWCCD and NRL to enable demonstration 


of ICME-based projects and accelerate materials through MRL/TRL


Outcomes: 


1) Improve ICME-based infrastructure at both NSWCCD and NRL


2) Increase technical expertise with ICME tools


3) Significantly decrease the time and cost for inserting materials and processes


Navy Materials Digital Infrastructure


Design of High-


Strength Austenitic 


Steel


AM-Based 


Conformal 


Pressure Vessels


- Overarching goal to advance Navy-specific materials database


- Novel plate & filler metal 


system for yield >100 ksi


- Demonstrate feasibility 


of non-standard shapesT
h


ru
s
t 
C


a
s
e
s Wire-Fed AM for 


Large-Scale 


Fabrication


- AM-modified alloy of Ni-


Al bronze (NAB)
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Notional ICME Network


PRISMS-PFThermo-Calc


Thermo-Physical Simulation
Mechanical 


Testing


AM Builds


SEM/EBSD


NOVEL DESIGNS


ADVANCED 
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DIGITAL TWIN


PREDICTIVE 


TOOL SETS
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Leverage 


Datasets
Advanced 


Simulation


Fleet 


Support
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Design of High-Strength 


Austenitic Steel


Task aim:


 Leverage ICME-based alloy design techniques for simultaneous 


development of plate alloy/weld filler metal system for a high-strength 


austenitic steel


 Attempt high-strength/toughness  100 ksi (690 MPa) minimum yield


 Martensite-start (Ms) temperature << room temperature


 Reduce time/cost of development
 Advanced simulation of varying chemistries and processing routes


 Targeted physical testing
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Design of High-Strength 


Austenitic Steel


Design methodology:


1) Paired development of plate alloy and filler metal for precipitation-


hardening alloys


a) Initial NSWCCD task: Investigate/refine models for MC carbide-


strengthened steels


b) Initial NRL task: Investigate/refine models for Ni-based 


intermetallic-strengthened steels


c) End goal: effective modeling of multi-precipitate system


2) Attempt to account for process variability at the production level with 


uncertainty predictions
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CALPHAD Analysis: Plate Alloy
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 Starting composition: Fe-17.7Mn-4.7Cr-0.48C-0.02Ni (wt.%)


 Economical austenite stabilizing elements


 Relatively few alloying elements to reduce complexity of initial investigation


 Historical precedent in naval applications [1]


Alloy Selection
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M23C6


Ferrite


Austenite


Liquid
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 CALPHAD techniques enable efficient comparative analysis of 


thermodynamic-driven values


 Example: Martensite Start (Ms) temperature


Phase Stability Screening
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C Mn Cr Ni Fe


0.48 Varied 4.7 Varied Bal.


C Mn Cr Ni Fe


Varied 8 Varied 10 Bal.
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 Composition: Fe-17.7Mn-4.7Cr-0.48C-0.02Ni + 2V (wt.%)


 Among metal carbides (MC), vanadium carbides (VC) have potential for the 


largest absolute increase in yield strength


Impact of Carbide Formers of 
Phase Stability
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VC
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 New Composition: Fe-17.7Mn-2Cr-0.48C-0.02Ni + 2V (wt.%)


 Reduction in Cr content (from 4.7wt%) suppresses detrimental σ phase


 Simulations enable reduction in physical testing as design space is explored


Impact of Carbide Formers of 
Phase Stability
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• Ashby-Orowan equation frequently applied in literature for 


VC particles [2]:


σ𝒑 =
0.538𝐺𝑏 𝐹


< 𝑟𝑝 >
ln


< 𝑟𝑝 >


2𝑏


– σp = increment in strength due to precipitates


– G = shear modulus


– b = Burgers vector of a/2*[110] perfect dislocation


– F = particle volume fraction


– <rp> = mean particle radius


Modeling Precipitation 
Strengthening
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 Precipitation simulations can help identify heat-treat times and 


temperatures, and determine composition limits, to reduce physical 


testing


Strengthening Predictions with 
PRISMA Software
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C Mn Cr Ni V Fe


0.48 17.7 4.7 0.02 2 Bal.


Strengthening Effect of Varied Heat 


Treatment Temperatures


Strengthening Effect of Varied 


Vanadium Additions


C Mn Cr Ni V Fe


0.48 17.7 4.7 0.02 ? Bal.
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• Extracted mean particle size and volume fraction from TC-PRISMA using default 


parameters during simulated isothermal hold conducted on a composition of Fe-


0.45C-18.5Mn-4.5Cr-1.4V (very similar to starting composition)


• Used Ashby-Orowan equation to predict strengthening increment provided by VC 


precipitates


• Compared results to literature account of this composition, which reported a yield 


strength of ~116 ksi [3]


Assessing Strengthening Model 
Accuracy
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Precipitates forming on dislocations Precipitates forming in bulk


~58 ksi
~177 ksi
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• Predicted precipitate characteristics differ markedly from 


those reported in literature


• Refinement of PRISMA’s assumptions will be needed, with 


the help of targeted experimental measurements


Assessing Strengthening Model 
Accuracy
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Method of determining precipitate 


characteristics


Number 


density @


12 hours, 


cm-3 (*1016)


Average 


particle size, 


nm


Volume % of 


precipitates


Experiments in literature [3] 1.8 9.9 1.8


PRISMA (default material 


properties, precipitation in bulk)
80 2.1 3.0


PRISMA (default material 


properties, precipitation on 


dislocations)


0.27 14 2.9
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CALPHAD Analysis: Filler Metal
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• Welding consumable design must account for a wide variety of potential 


degradation mechanisms because structural weld deposits typically do 


not have the benefit of thermomechanical processing steps following 


solidification


• CALPHAD tools permit investigation of quantifiable design objectives that 


can be used to screen candidate composition sets for:


- Solidification sequence


- Solidification cracking susceptibility


- Ductility dip cracking susceptibility


- Reheating behavior and precipitate stability


- Matrix (austenite) thermal stability


• By evaluating potential base metal compositions in this context, we can 


create an iterative loop to guide parallel development of both materials


Welding Consumable Development
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• Low melting point, low ductility eutectic constituents may form from the solute-


enriched terminal liquid


• The presence of such constituents will detrimentally affect cracking susceptibility, 


strength, ductility, and toughness


• Potential Design Objective:


- Avoid formation of deleterious intermetallic or topologically close packed phases (e.g., 


σ) at the termination of solidification


Alloy Screening: Solidification 
Sequence
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L + FCC + 


FCC/Carbide 


Eutectic


Mixed (Mo,V) 


carbides


Calculated non-equilibrium (Scheil) solidification path for 


placeholder composition based on base metal development


Calculated amount of second phases precipitated during solidification 


of placeholder composition based on base metal development
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• During the final stages of solidification, thermal contraction of the already 
solidified material exerts a tensile stress on the remaining liquid, which cannot 
support it


• If too much liquid remains when thermal contraction becomes significant, grain 
boundary cracking may occur


• Potential Design Objective:
- Solidification temperature range (STR) less than 100°C (typical values for other 


austenitics range from about 25 to 250°C)


Alloy Screening: Solidification 
Cracking Susceptibility
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Experimentally measured cracking susceptbility 


vs. STR for austenitic alloys [4]


L + FCC + Mixed 


Carbides


Tliquidus


1420°C


Tsolidus


1200°C
Calculated solidification temperature range for placeholder 


composition based on base metal development
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• Face centered cubic weld metals can be prone to solid state intergranular cracking due to a 


loss of ductility at intermediate temperatures (around 0.75Tsolid)


• Materials that solidify with straight grain boundaries are more susceptible to this type of 


cracking than those that solidify with tortuous grain boundaries 


• The amount of second phase precipitated from the terminal liquid during solidification 


controls grain boundary tortuosity


• Potential Design Objectives:


- Precipitate high temperature carbides at the end of solidification


- Control carbide formation to avoid development of continuous grain boundary films


Alloy Screening: Ductility Dip 
Cracking Susceptibility


19
Calculated terminal carbide mass fraction after solidification for placeholder 


compositions based on base metal development
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• Micro-segregation during solidification can produce local composition sets that shift the 


time-temperature-transformation behavior of deleterious microstructural constituents to 


shorter times


• Potential Design Objectives:


- Grain boundary precipitation kinetics sufficiently slow (on the order of minutes for the nose of the 


relevant curves) to prevent the formation of undesirable phases in the heat affected zone upon 


reheating


- Bulk precipitation kinetics sufficiently fast to allow precipitation of desirable strengthening phases 


during cooling from initial solidification or upon reheating


Alloy Screening: Microstructural 
Stability during Reheating
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Calculated solute segregation behavior and partition coefficients during 


solidification of placeholder composition used during base metal development


Calculated variation in precipitation behavior of VC in placeholder composition 


set at different locations in the compositionally segregated substructure
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Next Steps
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Next Steps


 Refinement/expansion of strengthening models


 Account for other strengthening mechanisms


 Multiple precipitates (e.g., NiAl, M2C)


 Tailoring of matrix stacking fault energy (SFE) to suit desired strain 


hardening behavior


 Continued weld metal development and simulation of heat-affected zone 


(HAZ) performance


 Continued integration of additional simulation tools (e.g., first-principles 


calculations, processing models, CP-FEM)
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Thank You
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A. Clarke, K. Clarke


Colorado School of Mines


Advanced Steel Processing and Products Research Center







Concentrate on research at the


interface between producers and 


users of steel


CSMCSMCSM


Advanced Steel 


Processing and 


Products 


Research Center


(ASPPRC)


Established 1984















Conventional vs. Military Applications


Insurance Institute of Highway Safety


Butcher and Dykeman, Great Designs in Steel, 2017







Hydrogen Embrittlement Crosses Over Many Applications


https://www.nap.edu/catalog/25032/high-performance-


bolting-technology-for-offshore-oil-and-natural-gas-


operations lisi-automotive.com


ssab.com (Sentinel)


industeel.arcelormittal.com







Hydrogen Embrittlement Susceptibility Increases 


as Strength Increases


Medium carbon quenched and 


tempered steels


Stress corrosion cracking/hydrogen 


embrittlement is potentially limiting 


for lightweighting efforts in armor







• Where does SSC/HE occur in the field? 


What is the degree of hydrogen exposure?


• What are the new opportunities to design 


alloys and microstructure for hydrogen 


resistance?


• How should accelerated laboratory testing 


be designed for predictive field 


performance?


Open Questions







Hydrogen Embrittlement Testing


• Environment can be changed 


depending on 


alloy/application


– e.g. 0.6 M NaCl or 0.5 M H2SO4


electrolyte


• In-situ cathodic charging


– Galvanostatically controlled


– Select experiments monitor


• Temperature 


• pH


• Potential (E) vs. Ref. electrode


9







Incremental Step Load Method


10


Two Parameters:


ΔP – Change in load/step, 5% of   


previous fracture load


Δt – Hold Time ~2-4 hours


ASTM F1624 modified for these studies







Objective: Evaluate HE resistance of tempered martensitic 


and austempered bainitic microstructures at multiple 


hardness levels in a medium-carbon fastener grade steel 


(4340)


– Identify microstructures with improved HE resistance, especially 


at higher strengths, will reduce mass, cost, production time, and 


ultimately improve safety.


4340 – Bainitic and Martensitic Microstructures


wt pct C Mn Si Ni Cr Mo Al S P Cu


4340 0.405 0.714 0.259 1.751 0.822 0.23 0.021 0.013 0.008 0.124


11
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Kth During Cathodic H-Charging


AT39 Condition exhibits enhanced combination of Kth and yield strength


Performance of other Austempered conditions is comparable to or below that 


of Q&T conditions
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Kth Dependence on Strength


Data collapse 


towards one trend 


line with increasing 


flow strength
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Work Hardening at Notch/Crack Tip 


Work hardening post-yielding as a 


function of strain
Q&T Steel (UTS = 1320 MPa)


Wang et al., MSEA, 2005 


The degree of work hardening may have a synergistic effect 


with local hydrogen content, affecting hydrogen embrittlement.
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Fracture Mechanisms


QT34


A39


Low HRC


(Low Strength)


Mid HRC


(Low Strength)


Martensite


Bainite


A44


QT45


High HRC


& Strength


Martensite


Bainite


Transgranular,


high Kapplied


( block/lath/subunit )


Intergranular, 


low Kapplied


( PAGB )


Increasing Strength


Kth ~ 20 MPa*m0.5
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Other Microstructure Designs


Nagao et al. (2014)


Omura (2012)


↑ Ti







Strain Rate Effects


Mild Steel


Flow stress and temperature changes significantly with strain rate


(particularly at ballistic rates)


K. Clarke, M.S. Thesis, Mines







18


3rd Generation AHSS Examples


Poling et al., 2017


wt pct C Mn Si Al N S P


QP3Mn 0.28 2.56 1.56 0.049 0.0037 0.002 0.01


TRIP7Mn 0.14 7.14 0.23 0.056 0.012 0.002 0.007


QP980 0.2 1.79 1.52 0.039 0.004 0.003 0.014


DP980 0.09 2.29 0.29 0.024 0.0042 0.0014 0.0062


Steel provided by Baosteel and ArcelorMittal
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QP3Mn Processing & Microstructure


Heat treatment: De Moor et al., ISIJ Int., 2011
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830 C,120s


180 C,10s


400 C,10s


fγ = 14 vol % 


± 1 vol %


Austenite


Ferrite


RD


Acknowledgement: Ana Araujo







TRIP7Mn EBSD


20RD


Avg. Grain Diameters


Ferrite: 1.2 ± 0.5 μm


Austenite: 0.8 ± 0.3 μm


Austenite


Ferrite


Processing: Cold rolled followed 


by intercritical batch anneal


XRD:   fγ = 39 vol % ± 2 vol %


EBSD:    fγ = 43 vol %


Acknowledgement: Ana Araujo







Effect of Strain Rate on Flow Stress
Poling et al, 2017








log


log






m


TRIP7Mn


TRIP7Mn
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TRIP7Mn Tensile Behavior – Strain Rate


Dynamic strain aging prominent in flow behavior


Adiabatic heating during 


deformation
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TRIP7Mn Tensile Behavior – Temperature







• Examples of steel R&D efforts related to 
DOD interests


• Alloy design efforts continue for high 
strength, hydrogen embrittlement resistant 
steels


• Strain rate sensitivity of high strength steels 
with multiphase microstructures deviates 
from prior generation steels


• Other critical properties for defense-related 
steel R&D?


– Fracture, fatigue, weld properties…


Summary








Evaluation of solidification cracking 


resistance of light-weight armor steel based 


on the FeMnAl system
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Background and Introduction
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Background
•The US ARMY CCDC GVSC are researching a light-weight
alternative to RHA armor steels


• RHA - Currently employed under MIL DTL 12560


•This steel based on the Fe-Mn-Al ternary


• High additions of Al the density of the steel is
decreased


• Allow an overall reduction in weight of armor materials


•Ballistic testing


• Shown to be on par with RHA armor steel test plates


•These results have shown that FeMnAl has potential to be a
direct replacement for current armor materials under MIL-
DTL- 12560


Graph displaying the reduction in density vs. the Al content in wt% 


M1 Abrams Tank
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Solidification Cracking Susceptibility







Objectives


To date, little research has been conducted on the weldability, and cracking
response of this material during fabrication.


The purpose of this study was to investigate the FeMnAl alloy’s 
susceptibility to Solidification of cracking, and to study any defects 


associated with fabrication


Experimental and Modeling work
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Experimental work
CAST PIN TESTING
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The Cast Pin Test – Experimental
•Quantifies solidification cracking susceptibility
• Levitation melting a charge of material


• Dropping it into a mold


• Solidify under nominal conditions


•Induces solidification cracks on susceptible
materials.


•An increase in pin length increases stress


•Material that exhibits no cracking at a longer pin
length shows a higher resistance to solidification
cracking


Schematic of the cast pin tear 
testing apparatus


Cast Pin Molds


Cast Pins showing the crack 


Casting Process
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Composition Measurements 


•Chemical composition measured using
Arc/Spark OES Metal Analyzer


•OES with gas filter for C and N measurement


• Determines most elements used in the metal
industry


• Including metal analysis of C, N, P and S
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C Mn P S Si Cu Ni
0.90 28.74 0.022 0.0006 0.294 0.11 0.2
Cr Al Mo Nb V Fe


0.164 8.65 0.43 0.43 0.026 Bal.


Reference Standard
IMZ 199 - Manganese Steel


SPECTROMAXx Arc/Spark OES Metal Analyzer







Materials


•4 FeMnAl alloys were investigated


• C, Mn and Al variations were evaluated


• effect on solidification cracking


•Cast Pin Test


• 4 Replicas per pin length


• Circumferential cracking was evaluated by 
optical microscopy


• Data was plotted in cracking x pin length 


• Example for the Rene 77 alloy


Alexandrov et al. (2007) Hot cracking phenomena in welds II. Springer, Berlin, pp 193–213 
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Rene 77 


Cast Pin Result Example







Challenges with FeMnAl


•Unable to control the sample temperature
using the pyrometer
• Mn evaporation blinds it


• Cast control was done manually.


•Sample overheating is possible
• Solidified material could be welded to


mold.
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Results
CAST PIN TEAR TEST
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Materials
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Wrought alloy #1


C Mn P S Si Cu Ni


0.45 27.27 0.006 <0.0002 0.75 0.068 0.006
Cr Al Mo Nb V Fe


0.013 8.81 0.44 0.004 0.016 Bal.


C Mn P S Si Cu Ni
0.64 27.25 0.005 <0.0002 0.77 0.067 0.006


Cr Al Mo Nb V Fe
0.013 8.89 0.46 0.004 0.016 Bal.


C Mn P S Si Cu Ni


0.17 27.42 0.008 <0.0002 0.71 0.067 0.006
Cr Al Mo Nb V Fe


0.012 8.03 0.42 0.004 0.016 Bal.


Alloy #2


Alloy #3 Alloy #4


•The chemical composition of the alloys measured by OES


• 4 FeMnAl alloys were investigated


• C, Mn and Al variations were evaluated


• Effect on solidification cracking


C Mn P S Si Cu Ni


0.42 26.97 0.008 <0.0002 0.83 0.037 0.011


Cr Al Mo Nb V Fe


0.018 9.17 0.38 0.004 0.015 Bal.







Wrought Alloy # 1


• No observable cracking occurred in
pin lengths under 1”


• At 1” several small cracks occurred on
the surface


• Similar cracks were seen at 1.125 and
1.25” pin lengths


• Above 1.5” large cracks were seen in
all samples


Composition


Pin Length (in)
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C Mn P S Si Cu Ni


0.42 26.97 0.008 <0.0002 0.83 0.037 0.011


Cr Al Mo Nb V Fe


0.018 9.17 0.38 0.004 0.015 Bal.







Alloy #2


• No observable cracking occurred in
pin lengths under 1”.


• At 1” several small cracks occurred on
the surface


• Similar behavior with the wrought
alloy #1


Composition


Pin Length (in)
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C Mn P S Si Cu Ni
0.64 27.25 0.005 <0.0002 0.77 0.067 0.006
Cr Al Mo Nb V Fe


0.013 8.89 0.46 0.004 0.016 Bal.







Alloy #3


• No observable cracking occurred in
pin lengths under 1”


• Large values deviation for 1.125 and
1.375” pin lengths


Composition


Pin Length (in)
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C Mn P S Si Cu Ni


0.45 27.27 0.006 <0.0002 0.75 0.068 0.006
Cr Al Mo Nb V Fe


0.013 8.81 0.44 0.004 0.016 Bal.







Alloy #4


• No observable cracking occurred in
pin lengths under 1”


• Smallest deviation among all alloys
• Values from 1.00 to 1.375” showed


similar cracking behavior


Composition


Pin Length (in)
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C Mn P S Si Cu Ni
0.17 27.42 0.008 <0.0002 0.71 0.067 0.006


Cr Al Mo Nb V Fe
0.012 8.03 0.42 0.004 0.016 Bal.







Comparison


• The results showed similar behavior between
all alloys


Solidification Temperature Range (STR)


• Related to solidification cracking propensity


• Larger STR is generally worse for solidification


cracking resistance
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Alloy 
STR 


(degC)


WA #1 189


#2 178


#3 161


#4 208


BCC


FCC







Comparison


• Others cast pin tear testing results


• Experimental Ni-base filler metal FM-82


(alloy 600)


• Ni-base alloys 600 and 718


• Wed metal 304L + Ni-Cu-Ru (50% dilution)


• Threshold is the best indicator of


susceptibility to solidification cracking


• The FeMnAl has an intermediary


solidification cracking resistance
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Fractography – Wrought alloy #1


•Fractography was conducted on several of
the cast pins that exhibited catastrophic
failure


•Fracture surface exhibits dendritic
structure, confirming solidification
cracking.


1.5” pin – Solidification Crack
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Modeling work
FILLER METALS EVALUATION
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Objective


C Si Mn Cr Mo Ni Al
FeMnAl 0.42 0.83 26.97 0.018 0.38 0.011 9.17


307 0.09 0.475 4.025 20.75 1 9.35 0
240 0.03 0.75 2 17 2.125 11 0


POS-FX5 0.65 0.365 18.9 3.3 2.125 0.01 0


•Evaluate potential filler materials for FeMnAl welding (See table below);


•Use simple modeling (Calphad – Thermodynamic and Kinetic) to evaluate suitability even before we start making


sparks (could be faster and cheaper);


•Better understand solidification and the microstructure evolution (Dilution ranges);


•Chemical element redistribution along the interface of a dissimilar metal weld between FeMnAl base metal,


and three selected filler metals.







Methodology


•Tools: ThermoCalc®, Version 2019a, TCFE9 ferrous alloy database 


•Scheil solidification modeling 
• Carbon – Fast Diffuser 


• Base material dilution levels from 0 to 100% (10% increments)


• 3 FMs – 307, 240 and Posco FX5


• 98.5% Solidification 


Outputs 


•Solidification temperature range 


•Phase fractions and compositions at the end of solidification (no solid-state transformations considered) 


•Solidification cracking evaluation based on Scheil solidification and Fluid Mechanics







•STR is related to solidification cracking 
susceptibility, but not necessarily a direct 
indicator 


•Large STRs are normally bad


•240 and 307 FMs may be slightly better


Solidification Temperature Range - STR







Solidification Cracking Susceptibility Evaluation
•A criterion for cracking was derived, focusing on events
occurring at the solidification sub-grain boundaries:


• Separation of solidification columns/dendrites from each other


• Lateral growth of columns/dendrites toward each other


• Liquid feeding between columns/dendrites


S. Kou, Acta Mater. 88 (2015) 366–374.







Example – 240 Dilution Levels 


Higher 
Cracking 


Resistance
Shorter 
liquid 


Channel


Lower 
Cracking 


Resistance


Scheil Diagram


Scheil Mirror – Channel 


Comparison







Solidification cracking evaluation based on Scheil and Fluid Mechanics


•Resistance in the Fluid System


•What is the affect of pipe area and 
length on fluid resistance? 


◦ Pipes with larger area have less
resistance than pipes with smaller
areas


◦ Longer pipes have more resistance 
than shorter pipes


Under Development







Summary - Conclusions


• Solidification cracking was observed in several pins lengths, this was confirmed by 
observing the fracture surfaces of failed pins


• When comparing this study’s results to Ni-base alloy, the FeMnAl is considered 
moderately susceptible to solidification cracking


• The FeMnAl composition changes didn’t produce major effects on the cast pin results, as 
seen in the comparison among Alloys 1-4


• FeMnAl exhibits a moderate susceptibility to solidification cracking. This will need to be 
kept in mind for future casting and FM development


• In conjunction to CPTT and modeling, additional weldability tests, like Varestrain may be 
needed







Ongoing and Future Work


• Evaluate actual welds to compare the CPTT and modeling results for the 
FeMnAl alloy (collaboration with EWI).


• Investigate Friction Stir welding in FeMnAl alloy (Ma2JIC sponsored Project)







Thank you


Questions?
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Investigating the Feasibility of Joining Wrought 


Homogenous Armor Steel Using Friction Stir 


Welding
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3/5/2020


FSW Parameters Development


FSW Tool – PCBN- W/Re


Optimal parameter evaluation


100
100
100
89


25 mm


12,5 mm


12,5 mm


• Conducted 4 welds
• Argon shielding gas used for tool protection
• 12.7 mm plates (0.5 in)
• Back side of tool cooled with through spindle water


cooling, hardened steel used for anvil
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Deliverable Welded Joints 


Welding Set 
Up with 


Shielding 
Gas Delivery 


System


Weld Number 3 Weld Number 4
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Results – Hardness Mapping


• 1 kg load used for mapping to achieve bulk material hardness
• Indent spacing of 500 microns
• SZ peak harness values = 560/568 HV1


• As quenched RHA average hardness = 561 HV1


• Tempered RHA average ≈ 400 HV1


• Overtempering HAZ
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1144 MPa (166 KSI)


918 MPa (133 KSI)


1199 MPa (175 KSI)


806 MPa (117 KSI)


3/5/2020


Results – Tensile Testing 


Failed 
in HAZ 
“Good”


Failed 
in SZ 
“Bad”


• The highest recorded tensile value 


• Failed in the retreating  side HAZ. 


• The remaining tensile failures occurred in the RS SZ, 


• Failure initiated at the root of the weld and 


propagated through the SZ


Results compared to study conducted
at GVSC on GMAW joints
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Results – Impact Toughness


• 5 specimens taken
from each region
(10 total per plate)


• Averages remove
highest and lowest
values


• Testing conducted in accordance
with ASTM E23


• Full size CVN specimens
• Testing conducted at -40 C to


evaluate lower shelf toughness
• Follows MIL – DTL – 12560
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Questions?
THANK YOU


DISTRIBUTION A.  Approved for public release; distribution unlimited.
OPSEC #: 3384








From Waste Steel to *Matériel: Additive Manufacturing 


Enabled Agile Manufacturing


Karl Sundberg, Yutao Wang, Jianyu Liang, Diran Apelian, Richard Sisson, Brajendra Mishra


Worcester Polytechnic Institute


Jian Yu, Dr. Brandon McWilliams 


ARL


*Matériel: Military materials and equipment.
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Problem Statement


Need to develop agile manufacturing techniques that take advantage of recycled and


reclaimed metals generated at forward operating bases (FOBs). A safe and


environmentally responsible way to turn a specific waste-stream into value-added


products for use by the warfighter is the goal.


4
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iron


aluminum


other


Recommended breakdown of 


metal waste recipe at FOBs







Goals
Creating a 3D printing enabled investment casting process using 


iron wastes generated at FOBs


Mission Vision
Improving self-sustainability of the warfighter in theater


Increasing operational readiness; Reducing logistics tail


Objectives


Creating an effective sorting, chemical composition monitoring and composition adjustment 


process for iron wastes at FOBs that enables quality control of material
1


Establishing additive manufacturing (AM) technology enabled investment casting (IC) using 


iron wastes from FOBs as the cast material
2


Optimizing and minimizing post process treatments for required quality of cast parts3
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Controlling The Melt Composition 







Technical Background


The Need to Control Composition of Steel Scraps for High Quality Parts


Approximately 60,000 pounds of 


scrap metal is shown in this image 


from the Government Liquidation 


website.


The typical observed ferrous (iron) wastes at 


FOBs mainly consist of food cans, nails and 


cleats, ammunition boxes, banding material for 


pallets, and scrap metal from furniture, vehicle 


or building.


steel
cans


non-
coated
steel nail


The recommended ferrous (iron) 


waste simulation on FOB 


It is important to recognize that any 


effective reuse and recycle of ferrous 


(iron) wastes in-theater must be based 


on a clear understanding of the 


chemical composition and techniques to 


monitor, adjust and control the chemical 


composition of the waste metal. 
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Elements C Mn P Cu Ni Cr Mo Al N


Min wt% 0.110 0.950 0.023 0.045 1.155 4.295 0.038 0.075 0.025 


Max wt% 0.135 2.075 0.030 0.150 3.113 4.825 0.663 0.150 0.063 







Waste Streams on Forward Operating Bases
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Portable OES – HITACHI HI TECH PMI MASTER UV TOUCH
– ISO 17026 A2LA certification


– Capable of laboratory quality results


– Capable of obtaining compositional data for light elements


– Database comprised of more than 10 million international materials, 


standards and grades


– Optimal for in the field characterizations


Vehicle Components Gun Barrels Wide Range of Waste Pieces
● Five Loads of Waste 


Metal Received from 


ARL


 Total Weight: 2567 lbs.







Optical Emission Spectroscopy (OES) Characterization
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Metal Waste Part Description Weight (lb.) Dimensions (inch) Alloy Recognition


Plate with partial rust 


and painted coating


4.02 9.00” x 8.50” x 2.25” 4340


Block entirely 


covered in rust


15.69 6.00” x 6.00” x 5.75” Non-Specified


Brake Rotor entirely 


covered in rust


11.98 10.00” x 2.00” Carbon Steel


Small Round Stock 


partially covered in 


rust


0.28 


(per piece)


1.125” x 2.00” 12L14







Parts
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Outer Arm


Input Steer Gain Link


Solenoid Control Stop







Alloy Composition
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Comp. Alloy C Cr Fe Mn Mo Ni P Si S


Solenoid 


Control 


Stop


8640 0.43% 0.40-0.60% 96.645-97.77% 0.75-1.0% 0.15-0.25% 0.40-70% 0.035% 0.15-0.30% 0.040%


Input 


Steer Gain 


Link


4130/40 0.33% 0.80-1.1% 97.03-98.22% 0.40-0.60% 0.15-0.25% - 0.035% 0.15-0.30% 0.040%


4142 0.45% 0.80-1.1% 96.725% (min) 0.75-1.1% 0.15-0.25% - 0.035% 0.15-0.30% 0.040%


Outer Arm


1010 0.08-0.13% - 99.18-99.62% 0.30-0.60% - - 0.04% - 0.05%


1025 0.22-0.28% - 99.03-99.48% 0.30-0.60% - - 0.04% - 0.05%







Path from Scrap to Parts







UTS ksi YS ksi El % RA % BHN CE DI


SC10XX Average 78.3 52.3 31.0 57.8 170.0 0.39 0.80


Std Dev 6.4 8.1 3.6 5.8 12.2 0.03 0.15


SC86XX Average 117.1 97.5 19.5 48.9 241.7 0.59 3.15


Std Dev 7.4 8.5 3.5 8.6 21.5 0.04 0.74


SC43XX Average 153.1 135.1 16.0 45.3 309.2 0.69 5.36


Std Dev 17.9 22.1 3.0 8.4 39.3 0.04 1.02


SFSA Alloys Used to Develop Guidance for Heats







Blending Model Developed to Formulate Heat Charges from Waste
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Steel 1 Carbon Steel 45 ksi YS


CE DI C Si Mn P S Cr Mo Ni Al Co Cu V Sn


Heat 
size Recovery 0.900 0.950 0.950 1.000 1.000 0.970 0.990 0.990 1.000 1.000 1.000 1.000 1.000


70 lbs Heat 0.431 0.889 0.147 0.506 0.768 0.021 0.013 0.190 0.054 0.343 0.015 0.005 0.180 0.009 0.011


Aim 0.400 0.800


Min 0.600 0.150 0.400 0.500 0.000 0.000 0.000


Max 0.500 0.900 0.300 0.600 1.200 0.035 0.035 0.500 0.200 0.500


Waste 
parts name Remain Added Fraction Dimensions % C % Si % Mn % P % S % Cr % Mo % Ni %Al %Co %Cu %V %Sn


#3-35


Plate 


with 


Square 


Hole 45.400 54.600 0.780


27.75'' x 


15.125'' x 1.0'' 0.136 0.050 0.809 0.017 0.008 0.077 0.014 0.084 0.019 0.003 0.188 0.009


#4-15


big 


thread 
barrel 5


32.780 10.000 0.143


4.5" x 24"


0.355 0.320 0.739 0.055 0.022 0.879 0.284 1.870 0.017 0.090 0.052 0.020


#3-32
Big L 
Beam 27.810 5.000 0.071


3.0'' x 3.0'' x 
64.0'' 0.087 0.270 0.972 0.002 0.048 0.123 0.037 0.189 0.009 0.284 0.022 0.015







Experiments Using the Established Blending Model
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Melt Charge Material Obtained Alloy Comments


#1 Blends of waste 


materials targeting AISI 
8640 (30-60 HRC)


AISI 8640 Slightly high in Chromium, which was 
anticipated in formulation.


#2 Blends of waste 


materials targeting 


carbon steel with  170 
HBW


Carbon steel 
with 194 HBW


Using CE (carbon content) and DI (ideal 


critical diameter) in addition to individual 


composition content for control of the 
obtained mechanical properties


#3 Blends of waste 


materials targeting alloy 
steel with 242 HBW


Alloy steel with 
244 HBW


Using CE (carbon content) and DI (ideal 


critical diameter) in addition to individual 


composition content for control of the 
obtained mechanical properties







Waste Material to New Alloy


16As-cast ingotsTensile bars machining 


Sorting & BlendingWaste material from ARL Melting & Pouring


Characterization







Targeting Chemical Composition: 8640
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The measured hardness of 53.93 HRC, which falls within the range of the expected 
hardness range for 8640.  







Targeting Mechanical Property
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CE DI Hardness 
(HBW)


Melt #2 Aim 0.4 0.8 170


Obtained 0.46 0.64 194


Melt #3 Aim 0.6 3 242


Obtained 0.58 3.21 244


DI=0.54*C*(1+3.333*Mn)*(1+0.7*Si)*(1+0.33*Ni+0.066*Ni^0.55*Ni^3+0.18*Ni^4)


*(1+2.16*Cr)*(1+3*Mo)*(1+0.365*Cu)*(1+1.73*V)


CE= C+ (Mn+Si)/6+ (Cr+Mo+V)/5+ (Ni+Cu)/15







SLA Enabled IC


● Utilized the ProJet® 6000 HD SLA machine


● Utilized Visijet® SL Clear Resin


 Heat Distortion Temperature @ 0.45 Mpa →  51°C


 Heat Distortion Temperature @ 1.82 Mpa →  50°C


 Glass Transition (Tg) → 70°C


 Density (Liquid) @ 25°C, (Solid) @ 25°C → 1.1g/cm3, 1.17 g/cm3
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Advantages


Hollow stereolithography pattern with an internal hexagonal support structure


Adds strength to the pattern


Allows for easy drainage


Facilitates collapse of the pattern during thermal expansion to help avoid 


cracking the shell 


Large part volume: 25 x 25 x 25 cm 


37,000 cm3 of build for 10 gallons of resins 







SLA Enabled IC Process
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Initial Analysis of the First Casting


● Residue buildup along inner edges of the blade


 Result of ceramic shell cracking while burning out the 


resin pattern and material is added on the outside of 


ceramic shell in attempt of fixing the crack


● Inconsistent surface finish due to incompletely 


burning out of resin


 Typically along blade edges


 SLA printed resin pattern had solid fins


● Steps in surface


 The steps in the SLA printed resin pattern were 


faithfully replicated in the casted part
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Surface Roughness of the First Casting
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This image displays channels 


which are the layers seen in the 


blade surface which are a resultant 


of the 3D printed structure.


Height Parameters 


(ISO 25178)


Sq 6.43 µm


Sa 5.12 µm


Str 0.153


The surface roughness of 


this impeller had a 


magnitude of deviation from 


the best fit plane of 6.43 um 


(Sq) and has some 


directionality which is 


evident from Str = 0.153







Initial Analysis of the Second Casting


● Residue buildup along inner edges of the blade


 Less than the first casting, but still present


● Surface finish is better, but still can be improved


 A Hollow 3D printed resin pattern was used, including 


the blades which burned out more completely than the 


previously used solid pattern


 In addition no steps were visible on the surface 
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Conclusions and Future Work


● The post-processing of parts requires using a vacuum oven to remove residual Isopropyl Alcohol


● It is feasible to perform additive manufacturing enabled investment casting, but optimization is required:


 Due to incomplete burnout and residue buildup there is a need to optimize the burnout and casting 


tree design further


Future Work


● Optimize the SLA Enabled IC


 Research and simulation to understand defects


 Design and optimization to avoid or compensate defects


 Understand the burnout process of resin patterns


● Optimize ceramic mold production


● Ferrous casting with ceramic mold


● Cast component analysis


 Microstructure analysis


 Defect Analysis using Computerized Tomography Scans


 Mechanical properties testing – tensile bars
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Summary


 Efficient sorting and collecting of steel waste, the most 
abundant waste, can be established in theater


 In situ composition monitoring and adjusting of steel wastes 
in theater can be effectively conducted using the portable 
OES setup for sorting


 SLA enabled IC manufacturing process of steel waste 
materials needs to be optimized


 Heat treatment is an important step towards high quality 
and should be prescribed according to needed mechanical 
properties
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Thank you.


Questions?







Backup Slides


Supporting material to be used in response to anticipated questions
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1.1 Effective Sorting 


and Composition 


Monitoring


Simulate the 


metal wastes at 


FOB


Laser induced 


breakdown 


spectroscopy 


(LIBS)


X-ray 


fluorescence 


(XRF)


Sorted iron metal 


scraps


Optical Emission 


Spectroscopy 


(OES)


1.2  Effective 


Composition 


Adjustment


Shredding and 


melting by 


induction heating


LIBS monitor the 


composition of 


molten steel in-situ


Simulate steel 


composition using 


desired cast part 


properties as 


input


Adjusting 


composition


Adjusted molten 


steel 


composition


Obj.1 Creating an effective sorting, chemical 


composition monitoring and composition 


adjustment process for iron wastes at FOBs that 


enables quality control of material


Obj.2 Establishing additive manufacturing 


(AM) technology of stereo lithography 


apparatus (SLA) enabled investment 


casting (IC) using iron wastes from FOBs 


as the cast material


Obj.3 Optimizing and minimizing post 


process treatments for required quality of 


cast parts


3.1 Surface 


Treatment


Cleaning & 


Passivating


Grinding


Cutting


Blasting


Optimized 


post 


treatment


3.2 Non-


destructive 


Quality 


Assurance


Spectrometer


Surface profile


Coordinate 


measuring machine


Comparator


Functional parts 


with required 


property


3.3 Heat 


Treatment


Homogenization


Annealing


Quenching


Tempering


Minimized heat 


treatment steps


2.1 Integrate SLA 


with IC


Fabrication of Wax 


Injection Molds 


Direct Fabrication 


of IC Patterns


Various complexities


Printing parameters


Product inspection


Mechanical properties study


Chemical composition study


Microstructure study


SLA enabled IC 


process using 


wasted steel


1.3


Integration 


with 


Subsequent 


SLA 


Enabled IC


Optimized 


casting 


material


2.2 Optimize the 


SLA Enabled IC


Simulation to avoid 


shrinkage defect


Adjust injection 


condition to avoid 


shrinkage defect


Recycle & reuse of 


materials involved


Value added parts by 


environmentally 


responsible process
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Basics of X-Ray Fluorescence (XRF)
Similar to Spark OES, typically measures bulk chemistry


● Sample preparation ensures higher accuracy


→ Doable for Field Testing


● The handheld needs to be in contact with test piece


→ Not Adaptable for Extreme Environments


● Measurements performed in seconds


→ Attractive for Process Control


● Incapable of Measuring Light Elements


→ Not Optimal For Compositional Analysis
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Basics of Laser-Induced Breakdown Spectroscopy (LIBS):
Similar to Spark OES, typically measures bulk chemistry


● Sample preparation ensures high accuracy → Doable for Field Testing


● Handheld units incapable of measuring light elements → Not Ideal For Compositional Analysis


● Only a direct line of sight is required → Adaptive for Extreme Environments


● Measurements performed in seconds → Attractive for Process Control 32


Bulk
Laser


Spectrometer


Power 


Supply


Laser pulse creates a plasma


Emitted light is collected and fed to a spectrometer


Fiber Optic


Computer


Computer output yields 


intensity vs. wavelength 


plot







Basics of
Measures bulk chemistry


● Sample preparation ensure the 


accuracy


→ Doable for Field Testing


● Measurements performed in Seconds


→ Attractive for Process Control


● Capable of Measuring Light Elements


→ Good For Compositional Analysis
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Surface Roughness – Internal Surface
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High-Low distance = 39.0 um(Sz)


This image displays the 


internal surface 


roughness of the impeller 


cone, and the surface 


has a overall difference 


of 39.0 um (Sz).


Height Parameters 


(ISO 25178)


Sq 4.29 µm


Sa 3.34 µm


Str 0.376


The surface roughness of 


this impeller had a 


magnitude of deviation 


from the best fit plane of 


4.29 um (Sq) and has less 


directionality than the 


impeller blade which is 


evident from Str = 0.376







SS 304


● 304 stainless steel is the most common stainless steel. 


● The steel contains both chromium (between 18–20%) and nickel (between 8–


10.5%) metals as the main non-iron constituents. 


● It is an austenitic stainless steel. 


● It is less electrically and thermally conductive than carbon steel and is 


essentially non-magnetic. 


● It has a higher corrosion resistance than regular steel and is widely used 


because of the ease in which it is formed into various shapes
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Blending Data
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LIBS Monitor the Composition of the Molten Steel In-Situ


ERCo LIBS Probe Requirements


● Uses a Fused silica Tube with Argon 


gas pumped through this viewing tube


 Argon gas creates an aerodynamic bubble 


at the end of the tube


● Reasonable data point collection time 


is 2.5 minutes


 Consists of 100 – 500 laser hits


 Averaged into a singular data point


● Accuracy to the 0.4 % per composition
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Schematic of LIBs in situ monitoring







VisiJet ® SL Clear Properties


● Density (Liquid) @ 25°C → 1.1g/cm3


● Density (Solid) @ 25°C → 1.17 g/cm3


● Tensile Strength → 52 MPa


● Tensile Modulus → 2560 Mpa


● Elongation at Break → 6%


● Flexural Strength → 86 Mpa


● Flexural Modulus → 2330 Mpa


● Impact Strength (Notched Izod) → 46 J/m


● Heat Distortion Temperature @ 0.45 Mpa →  51°C


● Heat Distortion Temperature @ 1.82 Mpa →  50°C


● Hardness, Shore D → 85


● Glass Transition (Tg) → 70°C
38







Casting Tree Design
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● Design Intent


 Start with single part production


 Combine casting tree with the part


 Fabrication entirely through SLA 


printer


● Integration of Casting Tree with 


the Part


 Traditional IC requires the part be 


added to the casting tree with wax


 Overall simplifies the process


 Increases efficiency


 Higher design accuracy


Simulated Casting Tree 


Failed Casting Tree Prints –


Isopropyl Alcohol Exposure







Thermogravimetric Analysis & Differential Scanning Calorimeter
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TA Instruments Q600 TGA & DSC


 10 mg measured mass


 Atmosphere: Air


 Reference Substance: Alumina Sample Cup


Formlabs Castable V2 Resin
– Complete burn out when heated 


above: 650°C


ProJet VisiJet SL Clear Resin
– Complete burn out when heated 


above: 600°C







TGA-DSC
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● TGA – Thermogravimetric Analysis


 TGA Analysis measures the amount of weight change of 


a material, either as a function of increasing temperature, 


or isothermally as a function of time, in an atmosphere of 


nitrogen, helium, air , other gas, or in a vacuum as low as 


30 mTorr


● DSC – Differential Scanning Calorimeter


 DSC Analysis is used to measure melting temperature, 


heat of fusion, latent heat of melting, reaction energy and 


temperature, glass transition temperature, crystalline 


phase transition temperature and energy, precipitation 


energy and temperature, denaturization temperatures, 


oxidation induction times, and specific heat or heat 


capacity.







Burnout Analysis


42


● Burnout Schedule – Repeated Three Times


 Post Mold Solidification – vacuum oven 85 °C, 15 


inHg for 24 hours


 0.25°C/min to 90°C – Hold at 90°C for 3 hours


 0.25°C/min to 155°C – Hold at 155°C for 3 hours


 0.50°C/min to 675°C – Hold at 675°C for 3 hours


 0.75 °C/min to room temperature


 Reduce to casting temperature & hold for 2 hours 


before casting


● Small ash remains post-burnout


 Easy to remove with compressed air


Used the manufacturer recommended mold recipe and burnout schedule, resulting in “mud-cracking”, residual water inside 


was heated too fast causing it to boil and crack the mold.







Ceramic slurry mold production
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● An partially automated system will be 


utilized to produce molds based on this 


ceramic slurry recipe


 Log the silica sand that we will be using as well


 The ceramic slurry mold will be capable of 


casting ferrous material, ̴ 1650 °C


● The Model below represents the system 


that will be built for the ceramic slurry mold 


production







Post Process Treatments


Goals


 Minimize all post process treatments required


 Meet Mil Specs called out
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Accelerated Creep and Creep-Fatigue Testing for the 
Rapid Qualification of Candidate Alloys


David Alexander IV, Robert Mach, Jacob Pellicotte, Md Abir Hossain, Calvin M. Stewart 
Department of Mechanical, University of Texas El Paso, Texas, Tx 79902


• To provide a rapid qualification process of 
additive manufactured material for failure-
critical applications (aerospace, power-
generation, etc.) using Accelerated Creep 
and Creep-Fatigue testing. 


• There is a deficiency of widely accessible 
information on the processing-structure-
property relationships on non-standard 
additively manufactured superalloys. 


• In order to exploit the full potential of the 
additive manufacturing spectrum, 
qualification and certification efforts are 
necessary.


Accelerated Testing Methods


Future Work


Motivation


300,000 hoursCreep-Rupture of 9Cr-1Mo Tube 


Uncertainty ↑
Temperature ↑


Stress ↓


Can we design accelerated tests for the rapid 
qualification of material behavior? 


Furnace


450nm 
Bandpass 


filter


Camera


450nm 
Spotlight


High Temperature DIC with Ultraviolet  (UV) Light


Test Matrix


Material Characterization


Backscatter Electron Microscopy Electron Backscatter Diffraction at (100) X-Ray Computed Tomography [1]


Infrared Thermal Imaging [3]


Test Setup 


ε(t) ε(t) ε(t) ε(t) ε(t) ε(t) ε(t) ε(t) ε(t) ε(t) ε(t)


T13 T14T12 T15T1 T2 T3 T4 T5 T6 T7 T8 T9 T10T11


Multi-Data Extraction from Non-Isothermal MST


Hysteresis Loops


Calibration of Constitutive Models


SSM data converted for CCT predictions 


Acknowledgements


SSM data calibrated to experimental CCT 
by creep and unified viscoplasticity models 


Department of Energy
National Energy Technology Laboratory
Los Alamos National Laboratory


Establish baseline of microstructure for:
Inconel 718, EBM Ti-6Al-4V, Alloy P91


2019-2020 Conferences: Turbo Expo, Solid Free 
Form Symposium, International Conference for 
Fatigue Damage of Structural Materials


Multi-Step Fatigue Test (MST)Stepped IsoStress Method (SSM)


Stepped IsoThermal Method (SIM)


Time


St
ra


in


(a)


St
re


ss


σ


0 0,Tσ 1 1,Tσ 2 2,Tσ


*
rt


ε


tt c∆ =


Creep-Fatigue
Thermo-Mechanical Fatigue


a) TTP b) HIP [2] c) Deformation Map d) TTT e) TTT f) VPF


a b


c


HT


650°C


d


fe


SSM data calibrated to simulated CCT data 
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Ausforming is a thermo-mechanical process for
steel wherein the steel is austenitized, cooled
below the austenite start temperature (A3) and
above the martensite start temperature (MS), and
the metastable austenite is deformed prior to
quenching. The increase in dislocation density
imparted by the deformation then results in a
reduced martensitic lath size upon quenching.
Benefits of ausforming include increased
hardness, tensile strength, and ductility. This
unique processing pathway may also be
beneficial for high strain rate properties. A
schematic diagram of ausforming compared with
“conventional” forming methods is shown below.


Ferrium® M54® was found to be amenable to
this type of processing due to the stability of the
metastable austenite. Following lab-scale
validation, scale-up efforts were performed to
demonstrate the technology at larger test piece
sizes. Further scale-up and testing efforts are
currently underway.


Adaptation of Ferrium® M54® for 
personal armor


Phase II SBIR Program
Principal Investigator: Dr. Thomas Kozmel (QuesTek Innovations)


TPOC: Melissa Roth (CCDC-SC)


Distribution A: Approved for Public Release; Distribution Unlimited


Acknowledgement: This material is based upon work supported by the US Army Contracting 
Command-APG, Natick Contracting Division, Natick, MA under Contract No. W911QY-18-C-


0127. Any opinions, findings and conclusions or recommendations expressed in this 
material are those of the author(s) and do not necessarily reflect the views of the US Army 


Contracting Command-APG, Natick Contracting Division, Natick, MA.


Ausforming Lath refinement Mechanical test


Characterization of ausformed material was
performed with Light Optical Microscopy (LOM),
Scanning Electron Microscopy (SEM) and
Electron Backscatter Diffraction (EBSD).


Successful processing resulted in deformed,
non-recrystallized grains and refined
martensitic laths as compared to conventionally
processed material.


Although lath refinement was visually apparent
in SEM, the complex nature of the
microstructure made it necessary to use EBSD
to quantify the lath refinement.


EBSD inverse pole figure maps were analyzed
to quantify the martensite lath refinement.
Histograms are shown below for the typical and
ausformed processing routes. Refined lath
sizes were retained after tempering.


Evaluation of material included hardness
testing, tensile testing with fractography, and
Split Hopkinson Pressure Bar (SHPB)
experiments to determine the effects of
ausforming on mechanical properties.


Hardness was found to increase significantly in
the as-ausformed condition, but with a debit to
ductility. This ductility was regained after
tempering. Increases to both the yield strength
and ultimate tensile strength were observed
after tempering. Fractography revealed
dimpling, indicating a ductile failure mode.


Split-Hopkinson Pressure Bar experiments
were performed in the as-ausformed and as-
ausformed and tempered condition. It was
observed that although the peak stress was
higher for the as-ausformed condition, the
ausformed and tempered material had a larger
area under the curve, indicating greater energy
absorption at high strain rates.


Edenfield 
Consulting LLC


Typical M54 Ausformed + Tempered M54


Mean average lath size observed to be on the order of 30-40% smaller in the 


ausformed material compared to conventionally processed material!


3” x 0.5”


6” x 6”


12” x 8”







Chemistry (wt%)


C Si Mn P S Cr Ni Mo Nb B Fe


AR500 ≤0.32 ≤0.45 ≤1.50 ≤0.020 ≤0.015 ≤0.65 ≤0.75 ≤0.55 - - Bal.


HHA I ≤0.32
0.15-


0.35


0.30-


0.70
≤0.020 ≤0.015


0.30-


0.70


0.30-


0.70


0.15-


0.35
- - Bal.


MRHAC ≤0.31
0.15-


0.35


1.00-


1.50
≤0.020 ≤0.015 - -


0.30-


0.50


0.03-


0.07
≤0.005 Bal.


HHA II ≤0.32
0.15-


0.35


0.50-


1.00
≤0.020 ≤0.015


0.10-


0.50


0.10-


0.50


0.15-


0.35


0.03-


0.07
≤0.005 Bal.


Discussion
• HHA I and MRHAC have higher than desired 


sulfur content
o Manganese sulfides present in fracture surfaces 


of test specimens
• AR500 has little manganese sulfide content
• Hardness values of CAVS alloys lower than desired 


minimum of 49 HRC
o May be due to sulfur content


Alloy Design and Characterization of High Hardness Grade Steels
D. Salley1, W. Williams1, H. Doude1, W. Whittington1, D. Field2, K. Limmer2, K. Doherty2, H. Rhee1


1Center for Advanced Vehicular Systems (CAVS) – Mississippi State University, 2CCDC Army Research Laboratory (CCDC ARL)


Rolling


direction L-T


T-L


Methods
Three 45-lb ingots were cast and rolled to 0.5-in. in-house 
to compare to a commercially available HHA


• AR500: Commercial abrasion resistant steel
• HHA I: Mimic of AR500                         
• MRHAC: Modified RHA chemistry
• HHA II: Modified AR500 chemistry


Introduction
Hydrogen embrittlement is a phenomenon affecting 
many high strength materials 
[Bhadeshia, ISIJ Int. 56 (2016) 24-36]


• The main theories involve hydrogen migrating 
to areas in front of crack tips, which propagates 
the crack


• There exist two known methods of reducing the 
effect of hydrogen embrittlement on high 
strength steel
1. Coatings: Prevent entrance of hydrogen
2. Trapping: Immobilize hydrogen within the 


steel using various “traps”
High hardness armor (HHA) [MIL-DTL-46100]


• 477-534 HB
• 0.098-2 inches thick
• Originally designed for applique armor, but 


recent efforts aim towards structural use


Research Goal
To investigate the properties of in-house designed 
high hardness steels that may be usable as structural 
components without hydrogen embrittlement issues


Future Work
• Investigation of hardness of CAVS alloys
• Hydrogen testing of the presented materials with 


different tempering temperatures and hydrogen 
concentrations


Alloy
Hardness


(HRC)


CHV Impact at -40°C (ft·lb) 


T-L L-T T-L


Tempering Temperature 246 °C 246 °C 200 °C


AR500 49.9 ± 1.2 20 ± 4 24 ± 1 ---


HHA I 46.2 ± 1.9 20 ± 1 32 ± 1 18 ± 4


MRHAC 48.3 ± 1.5 11 ± 1 29 ± 2 12 ± 1


HHA II 50.2 ± 0.8 15 ± 3 20 ± 2 14 ± 2


Heat treatment: austenitized at 
900 °C, quenched in water, then 
tempered at:


• 246°C – same as the 
commercially available steel 


• 200°C – to test for a heat 
treatment effect


Mechanically tested: 
• Tension, Charpy, hardness


Results


MRHAC 


ingot


MRHAC 


3-ft long plate
Research was sponsored by the Army Research Laboratory and was accomplished under Cooperative 


Agreement Number W911NF-15-2-0025. The views and conclusions contained in this document are those 


of the authors and should not be interpreted as representing the official policies, either expressed or 


implied, of the Army Research Laboratory or the U.S. Government. The U.S. Government is authorized to 


reproduce and distribute reprints for Government purposes notwithstanding any copyright notation herein.


Longitudinal Tension Tests


Alloy
Heat 


Treatment


Strain 


Rate (/s)


Yield (MPa) UTS (MPa) Elongation (%)


Average Average Average


AR500 QT246
0.001 1366 ± 21 1763 ± 4 12 ± 0.2


0.1* 1413 ± 1 1776 ± 10 9.6 ± 0.2


HHA I


QT246
0.001 1301 ± 64 1598 ± 72 10.3 ± 0.0


0.1 1291 ± 11 1573 ± 4 10.5 ± 0.3


QT200
0.001 1357 ± 3 1698 ± 5 11.4 ± 0.0


0.1 1361 ± 16 1691 ± 4 10.2 ± 0.6


MRHAC


QT246
0.001 1353 ± 11 1623 ± 17 11.2 ± 0.0


0.1 1359 ± 19 1584 ± 11 10.2 ± 0.6


QT200
0.001 1384 ± 3 1710 ± 14 11.1 ± 0.1


0.1 1403 ± 45 1712 ± 17 9.9 ± 0.9


HHA II


QT246
0.001 1432 ± 32 1771 ± 18 11.9 ± 0.1


0.1 1439 ± 23 1765 ± 10 12.1 ± 0.8


QT200
0.001 1398 ± 3 1796 ± 1 11.7 ± 0.8


0.1 1410 ± 45 1812 ± 39 11.6 ± 0.1
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Resulting hardness of various heat 


treatments of four chemistries


AR500 HHA I


MRHAC HHA II


*Alloys 
designed 
in-house


*AR500 was tested in the transverse direction for the strain rate of 0.1/s







Comparison Study on the Susceptibility of High Hardness Steels to Hydrogen Embrittlement
W. Williams1, H. Doude1, W. Whittington1, D. Field2, K. Limmer2, K. Doherty2, H. Rhee1


1Center for Advanced Vehicular Systems, 2CCDC Army Research Laboratory


Background
High Hardness Armors
HHA has a higher hardness range than conventional rolled 
homogeneous armor with a Brinell Hardness range of 477-534.


Motivation


Cracking of HHA plate in yard suggest 
SCC or hydrogen embrittlement. 
Cracks have also been observed in 
vehicles outfitted with HHA. 


Hydrogen Embrittlement
Hydrogen embrittlement can lead to a premature failure of components. 
The phenomenon occurs when atomic hydrogen in steel diffuses 
towards stress concentrations and changes the local failure mechanism 
of the material. Two main preventive measures include coating the steel 
to prevent hydrogen ingression, and by introducing hydrogen traps in 
the material that prevent hydrogen diffusion.


Hydrogen Traps
Hydrogen traps are features that provide an energy well for diffusible 
hydrogen. Until sufficient energy is provided, the hydrogen will remain 
at the feature and will not diffuse further into the material. Traps are 
evaluated based on the strength of the energy well. Weak traps will 
arrest hydrogen diffusion, but require little activation energy for the 
trapped hydrogen to become diffusible again. Strong traps are traps 
which require such a high activation energy that hydrogen will likely 
remain in the feature for the lifespan of the material.


Methods
Comparison of hydrogen embrittlement sensitivity on a macroscopic 
and microscopic level across several HHA alloys


1 ft x 1 ft sections of three selected HHA alloys


Chemical composition of select high hardness armors (wt%)


Hydrogen Embrittlement
The onset of hydrogen embrittlement can be observed by charging 
tensile samples with hydrogen and performing slow strain rate testing.
• Charging of subsize tensile specimens with hydrogen
• Electroplating samples with Zn to prevent hydrogen egression
• Slow strain rate testing of specimens 
• Several different hydrogen charging levels will be performed 


Hydrogen Diffusivity
In order to determine the hydrogen diffusivity coefficient and the 
presence of traps, a hydrogen diffusivity test will be performed on each 
alloy. A Devanathan-Stachurski cell determines the diffusivity of 
hydrogen through a membrane. 


(left) an overview of the testing apparatus for hydrogen diffusivity [3] (right) 
diffusivity coefficient of hydrogen in different steel phases as a function of 
temperature [1]


Custom glassware designed for recreation of Devanathan-Stachurski cell. Cells 
are outfitted with gas inlets and exhausts and reference electrodes.


Research Goal
To evaluate and understand the variation in the hydrogen sensitivity of 
high hardness armors (HHA) across the MIL-DTL-46100E spectrum.


Future Work
The diffusivity of hydrogen and the mechanical performance of the 
HHA materials charged with hydrogen will be determined. The 
evaluation of the materials will help develop HHA alloys that 
contain strong hydrogen traps to help mitigate hydrogen 
embrittlement. 


Trap Site Phase
-Eb/kJ 
mol-1 Trap Site Phase


-Eb/kJ 
mol-1


TiC α 46 - 116
General grain 
boundaries


α 32


Al2O3 / α interfaces α 79 Single iron-vacancy α 24 - 29


Single iron-vacancy α 49 - 78 Dislocation strain field α 23 - 27


MnS / α interfaces α 72 Cr, Mo or V atom α 26 - 27
MnS α 72 Ti atom α 26


Y2O3 / α interfaces α 70 Cementite / α interfaces α 11 - 18


Iron oxide / α 
interfaces


α 51 - 70 N atom α 13


ε-carbide α 65
Coherent M2C (Mo-rich 
needles)


α 11 - 12


Dislocation core/jogs α 60 Mn atom α 11
Fe1.2Ti0.8S2 α 58 Al atom γ 6
γ / α interface γ + α 52 C atom α 3
Microvoids α 48 Ni atom α -12
V4C3 α 33 - 35


C Si Mn P S Cr Ni Mo
ARL 5 0.327 0.384 0.79 0.0110 0.0055 0.520 1.100 0.530


ARL 2472 0.267 0.228 0.68 0.0110 0.0018 0.483 0.095 0.019
ARL 500T 0.280 0.239 0.81 0.0090 0.0009 0.466 0.960 0.320


Cu Ti V B Fe Ceq. Ceq.II [2]


ARL 5 0.091 0.0000 0.0077 0.0015 Bal. 0.750 0.799
ARL 2472 0.145 0.0091 0.0041 0.0012 Bal. 0.498 0.524
ARL 500T 0.205 0.0009 0.0260 0.0015 Bal. 0.655 0.673
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Strength of Select Hydrogen Traps [1]
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Development of Quench and Partitioning (Q&P) 
Plate Steel Intended for Toughness Applications
Creating an optimal microstructure of martensite and retained austenite (RA) in steel 
plates using lean alloying and currently existing heat treatment technologies


Sheet Q&P Processing


Travis C Marsh


Q&P Microstructures


TRansformation Induced Plasticity (TRIP)


= tempered martensite, = retained austenite,


= martensite/austenite constituent


Plate Q&P Processing Mechanical Behavior


Ballistic Performance


High strength (~1.5 GPa)


 Increased strain hardening and crack-
arresting TRIP mechanisms


High toughness (?) as compared to 
conventional martensitic steels


 Relatively lean alloying (cost effective)


Contact Information
Travis C Marsh
281-881-4394
tmarsh@mines.edu


Colorado School of Mines
1500 Illinois Street
Golden, CO 80401


VS


• Very small thermal gradients thru-thickness
• C, Si, Al, Mn


• Inherent thermal gradients
• Additional alloying: Cr, Mo, B Additional properties: HV, CVN, DBTT


Advisor: Dr. John G Speer, Colorado School of Mines 
Industrial Mentor: Dr. Rainer Fechte-Heinen, thyssenkrupp


R. A. Stewart, “Quenching and Partitioning of Plate Steel: Development of Design 
Methodologies,” M.S. Thesis, Colorado School of Mines, Golden, CO, 2018.
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Microstructural effects on fracture of multiphase steel sheets
Yu Liu1, Xinzhu Zheng1, Dongwei Fan2, Ankit Srivastava1
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Fracture under Bending


 The bendability of advanced high strength dual-phase steel 


sheets vary greatly along the rolling direction and transverse 


direction as well as across the coil width.


 The bendability of high strength dual-phase steel sheets are 


strongly affected by the size, location and type of non-


metallic inclusions.


 Following this the objective is to understand the interplay of the length scales set by the


mode of deformation (bending), intended microstructure (ferrite-martensite), and size,


shape, distribution and properties of unintended microstructure (inclusions) on crack


nucleation and early stage crack growth in high strength dual-phase steel sheets.


Microstructure-based Finite Element Modeling of Fracture


 The finite element, finite deformation calculations are carried out using a constitutive 


framework for progressively cavitating ductile solids. 


 In the finite element calculations, the individual phases of the multiphase steel (including 


inclusions) are discretely modeled. 


 To this end, the SEM image of the dual-phase microstructure is converted into binary 


image using Marker-Controlled Watershed Segmentation that utilizes the binary index of 


colors in the image to recognize different phases. 


 The binary image is then projected on to a small region near the free surface of the 


specimen and the material points in the finite element mesh are assigned constitutive 


properties of the phases in which they fall. 


Dual-Phase steel microstructure modeled  


Schematic of applied boundary 


condition that mimics 90o V-bend test.


 The elastic-viscoplastic properties of 


the ferrite and martensite phases are 


determined by fitting the predictions 


of dual-phase RVE calculations to the 


experimental uniaxial stress strain 


data. 


Homogenized vs


Distribution of 


equivalent plastic strain 


near surface in a 


homogeneous steel sheet 


subjected to bending


Distribution of 


equivalent plastic strain 


near surface in a dual-


phase steel sheet 


subjected to bending
Comparison of  flexural stress-strain response 


of homogeneous and dual-phase steel sheets 


under bending


Microstructure-based modeling versus homogenized 
continuum modeling


 Our results show that the microscopic state of stress and strain in dual-phase steel sheets 


subjected to bending are highly heterogeneous and strongly depend on the distribution 


of the strengthening phase. 


Microstructure-based Prediction of Anisotropic Bending


Transverse DirectionRolling Direction


 During bending extensive plastic strain 


localization occurs in the soft phase and final 


fracture occurs by nucleation and growth of 


surface cracks along the bands of localized 


plastic strain. 


 The anisotropic bendability of the sheet steel is 


found to be primarily due to the topological 


distribution of the strengthening phase. 


Partitioning of equivalent plastic strain and porosity in the two phases during bending along RD and TD


Effect of a Single Inclusion on Bendability


Evolution of the distribution of equivalent plastic 


strain with progressive deformation of dual-phase 


steel sheet with a single subsurface inclusion


In line with the experimental observations, strong 


inclusion size and location effects on the bendability of 


the dual-phase steel sheets naturally emerges in the 


calculations.


Structure-Microstructure-Fracture Correlations
 The microstructure of both the dual-phase 


steels, DP980 and DF140T, consist of hard 


martensite phase dispersed in soft ferrite 


phase matrix. 


 Our experimental results show that the 


smooth specimens of the two steels exhibit 


very similar uniaxial flow behavior and 


tensile strength but the response of the 


notched specimens differ significantly. 


Distribution of equivalent strain on the surface of smooth 


specimens of DP980 (left) and DF140T (right) steels for 


δ≈800μm. The range of the contour is 0.03 to 0.07. 


Distribution of equivalent strain on the surface of 


notched specimens of DP980 (top) and DF140T 


(bottom) steels for δ≈200μm. The range of the 


contour is 0.01 to 0.09. 
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Microstructure & Aging Mechanical Properties


Discussion 


Table 1. Mechanical properties of the steels as a function heat treatment.


• Additions of nickel to high manganese and aluminum low density


austenitic steels have been shown to greatly increase strength by forming


hard intermetallic B2 precipitates within the austenite matrix during hot


rolling and subsequent annealing. Additional strengthening is provided


by homogenous precipitation of k-carbide within the austenite matrix


during aging in the temperature range of 450 to 570 °C, resulting in a


peak hardness greater than 50 HRC. This study investigates the


influence of Ni contents between 5-8 wt% on the microstructure and


mechanical properties in nominal composition Fe-(18-21)Mn-(9-10)Al-


(0.9-1)C steels as a function of thermomechanical processing and


subsequent heat treatment. Increasing Ni content produced a greater


density of nano-sized B2-type NiAl precipitates that precipitated


uniformly within the austenite after annealing between 900-1050 °C.


However, higher Ni levels or annealing temperatures can result in over-


coarsening and undesirable precipitation of B2 on grain boundaries that


can deteriorate notch toughness. Therefore, careful control of the


composition and thermomechanical processing must be employed to


avoid embrittlement.


• Two heats of steel were produced at Missouri S&T with the compositions:


Fe-18Mn-10Al-0.9C-5Ni & Fe-21Mn-9Al-1C-8Ni.


• 5% Ni blocks of the as-cast material were processed according to the


procedure in Figure 1 for a minimum reduction ratio of 5:1.


• 8% Ni blocks were solution treated at 1200 °C for 2 hours, hot rolled from


1200 °C to 1050 °C with one final pass at 1050 °C to 900 °C followed by


water quench and a 10 min 950 °C anneal and WQ.


• Aging was performed in a salt bath at 500-570 °C.


• Charpy impact toughness testing were performed in the L-T and T-L


orientations at -40 °C with ¾ sub-size for 5% Ni and 10mm x 10mm x 55mm


for 8% Ni and tensile properties from 25mm gage subsize specimens from the


rolled plate.


• Increasing Ni levels from 5 to 8 wt% with small changes to Mn, Al, and C


resulted in 130 MPa increase in YS, 200 MPa increase in UTS, with


comparable % elongation in the annealed condition.


• Alloying to produce a microstructure with uniform density of NiAl precipitation


can produce as-annealed specimens greater than 40 HRC.


• The aged 8% Ni steel exhibited more consistent and improved average strength


and elongation for comparable hardness to the aged 5% Ni steel.


• Refinement of NiAl precipitate size and increasing volume fraction


greatly contributes to the strength, acting as a hard dislocation barrier.


• The presence of d-ferrite stringers is detrimental to notch toughness in


the T-L orientation due to delamination at the ferrite/austenite interface.


Ferrite stringers also resulted in premature failure of tensile specimens


in the 5% Ni steel.


• NiAl precipitation can increase the as-annealed hardness of these alloys


above 40 HRC. NiAl and κ-carbide precipitation together can achieve


hardness levels above 50 HRC.


• Finer NiAl precipitates on slip planes may block dislocation movement,


increase strength, and reduce intra-granular fracture related to glide


plane decohesion in the annealed or aged condition.


• Careful control of composition, thermomechanical processing, and 


subsequent heat treating must be employed to optimize the Fe-Mn-Al-


Ni system for the best mechanical properties.


• Implement modifications to the nominal chemistry and hot rolling 


procedure to prevent interdendritic and grain boundary precipitation of  


NiAl.


• Investigate alloying additions to slow the kinetics of NiAl growth.


This work was supported in part by Cooperative Agreement W911NF-


19-2-044 with CCDC Army Research Lab and by a grant from by


DLA – Troop Support, Philadelphia, PA and the Defense Logistics


Agency Logistics Operations, J68, Research & Development, Ft.


Belvoir, VA.


• After annealing, the 5% Ni steel had an austenitic matrix, B2


stringers along the rolling direction, and non-uniform NiAl


precipitation.


• After annealing, the 8% Ni steel had an austenitic matrix, Ni-rich


interdendritic phase, grain boundary NiAl from hot rolling, and


<150 nm uniform NiAl platelet precipitation.


• The increase in Mn and decrease in Al prevented the initial d-ferrite


solidification. The Ni increase raised the NiAl stability.


Figure 2. (a) and (b) Fe-18Mn-10Al-0.9C-5Ni steel after hot rolling and


annealing at 900 °C for 2 hrs. (c) and (d) Fe-21Mn-9Al-1C-8Ni steel


after hot rolling and annealing at 950 °C for 10 min.
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Figure 3. Hardness curves after isothermally aging 500-570 °C up to


120 hours.


Steel Process
Hardness 


(HRC)
CVN L-T    
-40 °C (J)


CVN T-L     
-40 °C (J)


YS (MPa) UTS (MPa) % Elong.


Fe-18Mn-
10Al-0.9C-


5Ni


Annealed 32.2 ± 0.8 28.5 ± 2.7 7.3 ± 0.2 810 ± 42 1120 ± 128 26.4 ± 15


Aged 2hr 
570°C 


44.1 ± 0.5 2.3 2.0 1150 ± 93 1230 ± 102 12.1 ± 7


Fe-21Mn-
9Al-1C-8Ni


Annealed 40.3 ± 0.6 11.8 ± 1.0 - 940 ± 10 1320 ± 6 28.3 ± 3.6


Aged 2hr 
530°C 


45.2 ± 0.8 5.6 ± 0.4 - 1200 ± 6 1410 ± 2 17.4 ± 1.0


Fractography


(a) (b)


(c) (d)


Figure 4. The Fe-18Mn-10Al-0.9C-5Ni steel with (a) cracking in d-ferrite causing


premature failure during deformation in the annealed condition. (b) Delamination


along the d-ferrite stringers in the T-L CVN annealed specimen. (c) Cleavage fracture


through d-ferrite in the L-T CVN aged specimen. (d) Fe-21Mn-9Al-1C-8Ni steel


with glide plane decohesion in the L-T CVN annealed specimen.


Figure 1. Thermomechanical and heat treatment process for the


Fe-18Mn-10Al-0.9C-5Ni steel.







Probabilistic Reconstruction of Austenite 
Microstructures from Martensite EBSD Data
E.J. Payton1, A.F. Brust2, V. Sinha1,3, T.J. Hobbs2, and S.R. Niezgoda2
1Air Force Research Laboratory 2Ohio State University 3UES, Inc.


• Austenite grain size affects strength and 
toughness of steels used in defense and 
aerospace applications.


• Austenite boundary etchants typically depend 
on tramp elements, and are less effective for 
fine grain sizes and clean steel grades


• A validated, probabilistic reconstruction 
algorithm could enable greater insights into 
the role that the hierarchical microstructure 
plays in dynamic performance


Probabilistic clustering of EBSD data


Most reconstruction algorithms published to 
date rely on pixel-by-pixel marching algorithms 
with an ad-hoc tolerance. The scatter in the 
orientation data presents problems for 
quantitative reconstruction using these 
approaches.


A max-flow/min-cut algorithm
was found to be useful for
segmenting contiguous regions
with misorientations close to the
expected orientation relationship
and a similar potential
parent orientation.


Brust et al, Microsc Microanalysis 25 (2019) in press.


1 degree 2 degrees 3 degrees


FCC annealing twin identification


Brust et al., Metall. Mater. Trans. A 50 (2018) p837-855


Results and Validation 


Sinha et al, Metall Microstr Analysis 6 (2017) p610
Sinha et al, Mater Charact (2019) in press
A.F. Brust, PhD Dissertation, Ohio State University 2019.


Bayesian orientation relationship characterization


Brust et al., Mater Charact (2019) in press


Ideal 
austenite 


grain Ideal martensite 
structure


(packets, blocks)


• Measurement 
uncertainty


• Variation in parent 
orientation


• Plasticity during 
transformation


• Variation in 
orientation 
relationship


EBSD 
measurement


Can we find the ideal 
austenite structure 
which was most likely 
to produce the 
measured data?


Noise
+ other deviations 


from ideal


KS


• 33 unique misorientations
• 6 shared variants results in ill-defined twin 


boundaries in EBSD observation Ill-defined 
austenite GBs with EBSD indexing


• 56 unique misorientations
• 6 shared variants are replaced by a 


low-angle sub-block boundary, 
Δ𝑔𝑔19(3.19∘)


Experimental







Processability
  Cutting 
  Bending
  Welding 
  Cold and hot forming


SECURE 600
Thickness: 10 mm (0.39 inch)
Weight /area: 79 kg/m


SECURE 500
Thickness: 14.5 mm (0.57 inch)
Weight /area: 114 kg/m


TRISECURE 650
Thickness: less than 7.7 mm (0.30 inch)
Weight /area: less than 60 kg/m


Special protection properties
Innovative combination of hard and tough 
materials in a multi-layer plate delivers 
completely new properties with a superior 
ballistic performance.


7.62 mm x 51 AP P80
Corresponds to NIJ Level IV


TRISECURE welding sample


7.6 mm


 nearly 


  25 %
weight reduction


 nearly 


  50 %
weight reduction


TRISECURE – ballistic steels


with lightweight potential


Steel | Heavy Plate


Trisecure-Poster-DIN-A0-USA_rz.indd   1 30.10.19   10:36







• Fully dense AF9628 parts can be successfully
printed using SLM and following the
developed process optimization framework.


• As-printed AF9628 displays ultimate tensile
strengths of up to 1.43 GPa and elongations
to fracture of up to 12.3%.


• Alternating layers of tempered and
untempered microstructure were observed
in SLM AF9628 resulting in anisotropy


Additive Manufacturing of Ultra-High Strength Steel 
AF9628


Raiyan Seede, David Shoukr, Bing Zhang, Austin Whitt, Dr. Sean Gibbons, Dr. Phillip Flater, Dr. Alaa 
Elwany, Dr. Raymundo Arroyave, Dr. Ibrahim Karaman 


Introduction


Process Optimization Framework


Characterization


• Ultra-high strength steels are used in
munitions due to their high yield
strengths and reasonable ductility.


• AFRL recently developed an inexpensive
ultra-high strength steel called AF9628.


• To produce high strength parts with a
high degree of control over geometry,
this work studies the effect of selective
laser melting (SLM) process parameters
on the mechanical properties of AF9628.


• An optimization framework to
determine the process parameters for
building defect free parts is
introduced.


• Utilizes a computationally inexpensive
analytical model calibrated with
single track experiments. A geometric
equation for hatch spacing was also
derived.


• Using this framework, an SLM
processing map for AF9628 was
constructed.


Graves, W.T., (2017)


Melt Pool Thermal Model Single Track Sampling
Design of Experiments


Statistical Calibration of the 
Thermal Model


Hatch Spacing Criterion Construction of Processing 
maps


Property and Microstructure  
Characterization


FEA – high fidelity, slow, or 
Analytical – low fidelity, fast


Parameter 
Selection for 
bulk sample 
fabrication


 


 


 


 


 


 


 


 


 


 


 


 


 


 


D 


H 


OD 


OH 1st Layer Substrate 


2nd Layer Substrate 


h 


W 


La
se


r 
P


o
w


er
 W


Scan Speed mm/s


La
se


r 
P


o
w


er


Scan Speed


1.2


0.8


0.4


0.0


E
n


g
in


e
e


ri
n


g
 S


tr
e


s
s


 (
G


P
a


)


0.120.080.040.00


Engineering Strain (%)


29
50


260


2500


Width Prediction Error (%)


12


6


0


For More Information:


Seede, R., Shoukr, D., Zhang, B., Whitt, A., Gibbons, S., Flater, P.,
Elwany, A., Arróyave, R., Karaman, I. “An Ultra-High Strength
Martensitic Steel Fabricated Using Selective Laser Melting Additive
Manufacturing: Densification, Microstructure, and Mechanical
Properties” Acta Materialia, 186 2020: 199-214







Atomistic Study on Hydrogen Segregation and Embrittlement 


at α-Fe Grain Boundaries and Ferrite-carbide Interfaces
Nayeon Lee1, Sungkwang Mun1, B.D. Huddleston1, Doyl Dickle1, R.K. Prabhu1, D. J. Bammann1, Krista Limmer2


1 Center for Advanced Vehicular Systems, Mississippi State University, Mississippi State, MS 39762, USA
2 Materials & Manufacturing Science Division, DCCDC Army Research Laboratory, 6300 Rodman Rd, APG, MD 21005, USA


INTRODUCTION


• Modified Embedded-Atom Methods (MEAM) potential for Fe-C-H
systems has been developed using DFT and used for this study.


• Segregation energy of a hydrogen atom to the GB was ~0.8 eV,
and affected distance was ~8 Å (3 lattices).


• Σ5{2 1 0} Ɵ=53.13 ⁰ shows the highest segregation energy of any
misorientation angles.


• Depending on misorientation angles, segregation energy of
hydrogen to the GB was different.


[1] A. R. Troiano, Trans. ASME, 1960, The role of hydrogen and other interstitials in the mechanical behavior of metals
[2] J. G. Morlet, et al., A new concept of hydrogen embrittlement in steel, Wright Air Development Center, Air Research and Development 
Command, United States Air Force, 1957.
[3] R. A. Oriani, Acta Metall., 1970, The diffusion and trapping of hydrogen in steel
[4] S. L. I. Chan, et al., 1986, Effect of carbon content on hydrogen occlusivity and embrittlement of ferrite–pearlite steels
[5] Du, Y.A., et al., 2011. First-principles study on the interaction of H interstitials with grain boundaries in α-and γ-Fe.
[6] Mirzaev, D.A., et al., 2016. Ab initio modelling of the interaction of H interstitials with grain boundaries in bcc Fe.


Segregation Energy of Hydrogen at GBs


SIMULATION SET-UP


RESULTS


CONCLUSIONS


GB Segregation of Hydrogen


Segregation Energy of Hydrogen at 
interfaces of ferrite-ε-carbide


• H is trapped at various lattice 
defects. Among those, ferrite-
cementite (carbide) interfaces
and grain boundaries (GB) are 
dominant trapping site at 
carbon steels.4


• We investigated the interaction 
of H at GBs and at ferrite-
carbide interfaces, and 
cohesive strength.


• Hydrogen Embrittlement is a loss of mechanical
strength/ductility, which often leads to disastrous brittle failure
without plastic strain in metallic systems due to hydrogen.


• Proposed Mechanisms for Hydrogen Embrittlement
- Hydrogen Enhanced Localized Plasticity (HELP)
- Hydrogen Enhanced DEcohesion (HEDE) in structural iron 1,2


Presence of hydrogen lowers the atomic cohesive strength and
initiates interfacial debonding.3 However, no study has been
done in quantifying HEDE in carbon steels using Molecular
Dynamics (MD) simulations.


𝐸𝑀𝐸𝐴𝑀 =෍


𝑖


𝐹𝑖 തρ𝑖 +
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෍
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𝑆𝑖𝑗φ𝑖𝑗 𝑅𝑖𝑗
𝐹𝑖 തρ𝑖 : Embedding function


φ𝑖𝑗 𝑅𝑖𝑗 : Pair interaction


𝑆𝑖𝑗: Screening function


Iron
Carbon
Hydrogen


Octahedral site


Tetrahedral site


Grain Boundary Energy


Segregation Energy of Hydrogen at interfaces of 
ferrite-εcarbide


• A bicrystal with ferrite <110> and ε-carbide 
<0001>  was built, then H atom was inserted.


Microstructure of tempered
martensitic steel


• 28 cases of the 
misorientation angles and 
grain boundary planes 
from 0 ⁰ to 90⁰.


H atom on GB


H atom on interface
of carbide-ferrite


• Five GB structures for the <001> Fe symmetric
tilt grain boundaries with misorientation
angle of 18.86⁰, 28.07⁰,36.87, 43.60⁰, and 53.37⁰
was built.


• Tension tests on a bicrystal
showed that a void 
nucleated at GB and yielding 
strength and strain 
decreased from  8.94% to 
25.04% as H concentration 
increased from no H atoms 
to 50 H atoms.


• Segregation energy of an H 
atom to ε-carbide was ~2.5 eV, 
indicating H would not be 
accumulated on the interface.


• However, simulation showed 
that H tends to bind to voids 
that were created near ε-
carbide.


• Need to analyze further 
distance from GB.


• We developed MEAM inter-atomic potential for Fe-C-H
systems.


• GB segregation energy of hydrogen is ~0.8 eV, which is
consistent to other’s report 0.43~0.83 eV. 5,6


• H segregating on GB decreases yielding strength and yielding
strain, which can lead to transition from ductile to brittle.


• H would not be accumulated on the interface. However, it is
needed to be analyzed further.


• Confirmed HEDE mechanism.


• 𝐸segregation = 𝐸𝐺𝐵
𝐻 − 𝐸𝐵𝑢𝑙𝑘


𝐻 /𝑛𝐻 − 𝐸𝐺𝐵 − 𝐸𝐵𝑢𝑙𝑘
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 Quench-Aging-Lamellarization-Tempering (QALT) 


heat treatment
With additional aging step at


400°C, more categories of


carbides are expected. Studies


suggested that carbides, such


as M2C, can provide nucleation


sites for austenite precipitation


in steels [4].


QALT treatment: carbides form during the


aging step. Phase fraction-temperature of 10% Ni


steel.


 SEM microstructures 


QLT (left), QA(30min)LT (middle), QA(64hr)LT (right) SEM micrographs


The Role of Metal Carbides in Austinite formation 
in a High-Ni Martensitic Steel


 Quench-Lamellarization-Tempering (QLT) heat 


treatment


wt. % C Ni Mo Cr V Mn Cu Si Al


10 % Ni steel 0.1 10 1.23 0.60 0.08 0.6 0.15 0.2 0.03


QLT treatment: Q-step for austenitization,


L-step for Ni-rich austenite, T-step for


tempering, forming fresh martensite.


2 μm


SEM micrograph showing the


microstructure of the QLT


sample.


◆ Cr addition: maintain the hardenability and strength


◆ V addition: form the carbonitride in the tempering to maintain the strength


◆ Mn addition: maintaining the hardenability and preventing cracks in the hot working


◆ Si addition: maintain the strength


◆ Al addition: deoxidizer and a grain refiner for improved toughness


◆ Crystallographic texture is


observed in all the samples


studied.


◆ A-step leads to a higher amount


of retained austenite and reduces


the preferred orientation of the


austenite grains
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Typical low carbon 10% Ni steel composition


Surface


Ni (13.5%)


Atom


C
V


Mo


APT reconstruction of the QA(64hr)LT sample. A 13.5 at.% Ni


isoconcentration surfaces is used to highlight the austenite phase


𝑀2𝐶


 Retained Austenite Volume Fraction


(a) as-quenched 10% Ni steel. Iron atoms are


displayed in blue and MC-type carbide


precipitates are delineated by 7 at.% (C+Mo+V)


iso-concentration surfaces (dark-red) (b)


magnified view (c) proximity histogram


concentration profiles across Fe-matrix and MC


carbide precipitates. [1]


Distribution of V (dark-red), C (black),


and Fe (blue) atoms in a mixed


MC/M2C-type carbide precipitate in


QLT 10wt% Ni steel (b) Concentration


prfiles in the direction of the arrow in


(a). [1]


◆ MC carbides are


inherited from the as-


quenched condition,


the nucleation of MC-


type carbides is likely


to serve as the


nucleation site for M2C
and assist them to


form during the


tempering step, L as


well as T.


◆ Co-located and mixed MC/M2C-type carbides (M as Mo,


Cr, V), comprising of M2C carbide in the shell and MC


carbide in the core are observed after the QLT heat


treatment.


 MC/M2C- type carbides  in QLT 10wt.% steel heat-affected zone [1]


Research at the Naval Surface Warfare Center Carderock Division by Dr. X. Jie Zhang, over many years, has demonstrated that a low carbon 10 wt.% Ni steel with an appropriate quench-lamellarization-tempering (QLT)-type heat treatment 


can achieve an excellent combination of high-strength, high-toughness, and ballistic resistance [1]. This family of 10 wt.% Ni steels thus has the potential to deliver improved strength and ballistic protection for Naval structural applications. 


The QLT heat-treatment produces a complex steel-microstructure containing reverted or precipitated austenite, martensite, ferrite or tempered martensite, together with carbide precipitates contributing to precipitation-strengthening. Our 


previous research on 10 wt.% Ni steels revealed that co-located and mixed MC/M2C- type carbides (M is Mo, Cr, V), comprising a M2C carbide shell and a MC carbide core, which form after the QL- and QLT-treatments [2]. It is, however, 


unknown whether the metal carbides observed in the QL and QLT-treated samples play any significant role in austenite formation. To investigate this, we have designed a heat treatment that form carbides with different sizes and 


distributions within a martensitic matrix (intra-lath regions) prior to the lamellarization (L-step) and tempering (T-step) treatments. This multi-step heat treatment permits studying the role of carbides in austenite formation and possibly altering 


the size and distribution of austenite grains in the intra-lath regions, to further improve the mechanical properties of this steel. 


Conclusion
◆ With additional low temperature aging heat treatment between lamellarization and


tempering step, the volume fraction of the retained austenite increases.


◆ This is attributed to the presence of fine carbides within the microstructure formed


during the A-step which serve as nucleation sites for the austenite phase.


◆ X-ray analyses revealed that the A-step reduces the preferred orientation of the


austenite grains which might lead to a better machinal properties.


Transmission Kikuchi Diffraction (TKD) phase maps 


displaying the nanoscale (50-100 nm) retained austenite 


distributions and morphology in the QLT-treated sample.


◆ The QLT treatment forms a fine dispersion of thermally stable Ni-


enriched austenite phase in a tempered martensitic matrix. During


the L-step and T-step.


◆ Transformation induced plasticity (TRIP), is the underlying


mechanism for the improvement of the ballistic resistance in this


steel.


 Distribution of solute atoms in the QLT sample 


3-D APT reconstructions of the QLT-treated 10 wt.% Ni steel: Fe atoms (5 %) are displayed as blue dots. The heterophase


interface between the tempered martensite matrix, α-Fe, and the Ni- rich region is delineated by the 12 at.% Ni


isoconcentration surfaces. Metal carbides are delineated by a 10 at. % (C plus Cr plus Mo plus V) isoconcentration surfaces


(red)


Martensite


Austenite


Carbide


Retained 


Austenite 


(in blue)


Martensite 


(in red)


◆ High Ni : stabilizes austenite(γ)


◆ Low C : guarantee weldability


◆ Mo addition: maintaining the


strength and preventing the temper


brittleness in the Ni-containing steel


 Solute partitioning in the QALT Sample


4μm 4μm


 Carbide


◆ The carbide formed after QA(64hr)LT treatment is M2C with


M = Mo (major), V, and Cr.


◆ The MC type carbides are not observed as they dissolve


during the aging step.


◆ Ferrite stabilizer such as Mo, V and Cr are concentrated in


the carbide phase.


◆ C, Mo and V segregate to the martensite-austensite


interface


4μm


Martensite


Austenite


Proxygram shows the partition of elements: Ferrite stabilizers,


Cr and Mo partition to the Austenite phase as well as the


austenite stabilizers, Ni, Mn and Cu.
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