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 Forging and post-forging heat treatment are critical steps 

in steel part manufacturing process affecting significantly 

parts quality, cost and overall production lead times.

 Forgers are striving to reduce lead times, improve quality

of forgings and reduce heat treat costs. 

 Direct from Forge Intensive Quenching (DFIQTM) process 

is effective solution for above problems. 

 In 2014, ATI and IQT initiated DFIQ project funded by 

DLA.

 Since 2014, IQT together with three forging shops 

participated in the project generated vast amount of data 

supporting DFIQ process benefits.

Introduction



 Immediate rapid quench of steel forgings right after forging 

operations are completed improves mechanical properties of 

steel compared to conventional forging process when parts 

are allowed to cool to room temperature prior to further heat 

treatment. 

 Mechanical properties are improved due to the following 

reasons:

a) A very “Uniform and Intensive” water quench “freezes” the 

dislocations in hot steel that are created by plastic 

deformation of the part.

b) Formation of the finer grains (microstructure) in the material 

compared to the conventional plastic deformation 

processes. 

c) The greater the density of dislocations AND the finer the 

steel microstructure the better the material mechanical 

properties.  

DFIQ Process Background



 DFIQ process was not commercialized in the industry due to 

the following three major reasons:  

a) Conventional quenching in oil is not suitable for forging shops 

operations due to fire hazards.  

b) The use of conventional water quenching is applicable only to forgings 

made of “water quench” grades of steel and to parts of simple shape 

due to possible crack formation.  

c) “Forgers” are not traditional “heat treaters” and do not wish to delve 

into the “black art” of heat treating processes.  (Besides, the forger 

would much prefer the heat treater discover any latent forging defects 

when the part blows up in the heat treaters’ quench!). 

 Forging process can be effectively integrated with an 

intensive quenching (IQ) hardening process.  

DFIQ Process Background
Continued



 IQ process is an alternative method of quenching steel parts 

in highly agitated water or water salt solutions of low 

concertation and then in air. 

 High surface compressive stresses developed during IQ work 

as a die holding the hot part and preventing the part from 

cracking during quenching.  

 IQ process is interrupted when these compressive stresses 

are at their maximum value providing self-tempering of part’s 

martensite surface layer by conduction of the heat coming from 

the core while maintaining residual compressive surface 

stresses. 

 Extremely high cooling rate within martensite formation range 

provided by IQ process may further augment the effect of the 

rapid cooling after forging on the improvement of material 

mechanical properties. 

DFIQ Process Background
Continued



Dynamics of Temperature, Structural and Stress State Conditions 
(DANTE Model, Probe + XRD Data)
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 Develop a method and equipment for conducting intensive 

quenching of parts immediately after forging operations. 

 Quantify following DFIQ process benefits:

a) Improvement of part mechanical properties

b) Shortening production lead time

c) Reduction of energy consumption

d) Possibility of using less alloy steel

DFIQ Study Goal



 Design and build portable DFIQ unit for processing forgings 

in production conditions. 

 Identify steel forgings produced at three shops participating 

in the project (Bula Forge & Machine, Welland Forge and 

Clifford-Jacobs Forge) that can benefit most from DFIQ.

 Conduct DFIQ trials at the above forging shops.

 Evaluate mechanical properties for processed forgings and 

compare them with mechanical properties of standard 

forgings. 

 Evaluated technical and financial feasibility of proposed 

DFIQ process.

DFIQ Study Approach



Direct from the Forge IntensiQuench    
(DFIQ) Unit (Patent Pending, 2017) 
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 4-6 forgings of each type.

 Types of steels:

 Plain carbon: 1026

 Alloy:

o 15B37

o 5130

o 4130

o 4140

o 4150

• High alloy: Pyrowear-53

 Mechanical properties 

and microstructure were 

compared to that of 

standard forgings and to 

part specs.

Processed Forgings

Pintle adapter
Lug

Key Tine



 Conducted since results of first study were not  consistent: 

some mechanical properties of DFIQ keys were better and 

some were worst compared to that of conventionally heat 

treated keys.

 Material characterization studies parameters:

Additional Material Characterization Study

Parameter Fist study Additional study

Post-forging heat 

treatment 

DFIQ + self-tempering DFIQ + self-tempering 

+ tempering at 570oF.

Type of steel 4140, 4340, 8640 4140, 4340, 8640

Number of keys per 

type of steel

3 5



 Results became much more consistent compared to previously reported data for DFIQ 

keys that were only self-tempered.

 Mechanical properties of DFIQ keys are generally better or the same compared to 

that of conventionally heat treated keys.

Additional Material Characterization Study 

Results

Steel

Heat treatment 

process applied 

after forging

Tensile

psi

Yield

psi

RA

%

Elong.

%

Impact

ft·lb

Hardness

at ¼ thickness

RC

4140

Conventional 252,000 220,000 26 10 5 49

DFIQ 266,000 235,000 40 10 11 49

4340

Conventional 262,000 234,000 39 14 8 51

DFIQ 272,000 236,000 35 8 9 51

8640

Conventional 221,000 178,000 22 12 6 49

DFIQ 267,000 229,000 36 9 8 51



Average Mechanical Properties for DFIQ and 

Standard Forgings and Part Specs
Part name

Steel

Heat 

treatment

Tensile

psi

Yield

psi

RA

%

Elong.

%

Impact at 70oF

ft·lb

Part hardness 

RC 

ASTM 

grain size

Stopper

1026

Standard 76,000 45,200 56 29 - 149BHN -

DFIQ 76,900 47,500 64 32 - 149BHN 7.5

Specs 70.000 36,000 30 30 - - -

Disk

5130

Standard 136,000 124.000 48 16 - 31 -

DFIQ 121,400 107,000 51.8 15.4 20.8 31 5.0

Specs - - - - - 25 -

Hub

4140

Standard 137,000 116,000 56 17 - 35 -

DFIQ 140,300 121,500 40 14.8 31.7 34 2.5

Specs 125,000 105.000 35 15 - 28-33 -

Gland

15B37 (railroad 

wheel)

Standard1 132,500 110,000 50 14.5 - 33 -

DFIQ3 127,000 107,500 34.5 13 - 33.5 1.5-2.5

Specs2 - 70,000 - 14 - 32-39 -

Yoke

5130

Standard 121,000 103,000 39 14 - 28 -

DFIQ 130,500 117,000 22.5 9.5 - 30 2.0

Specs - - - - - 25 -

Clamp

4130

Standard 127,000 101,000 55 18 - 31 -

DFIQ 127,500 112,500 65 18.3 - 32 3.0

Specs 125,000 105,000 35 15 - 28-33 -

Drum support

4140

Standard 163,000 151,000 57.7 17.5 - 33 -

DFIQ 137,000 120,250 43.5 14.3 - 30 3.5

Specs 125,000 105.000 35 15 - 28-33 -

 Mechanical properties of DFIQ forgings are generally better or the same compared to that of 

conventionally heat treated forgings. All DFIQ forgings met current parts specs.



Effect of Steel Microstructure on DFIQ 

Forgings Mechanical Properties

Parts Steel

ASTM grain 

size after 

DFIQ

Forgings mechanical properties after 

DFIQ compared to conventional heat 

treatment

Pintle adapters 4340

7.0 - 7.5 All mechanical properties are generally 

better or the same.
Lugs 8637

Keys 4140, 4340, 8640

Stoppers 1026

Tines 8650
5.0 - 6.0

Some mechanical properties are the same 

while some mechanical properties are 

worse.
Disks 5130

Hubs 4140

1.5 - 4.0 All mechanical properties are generally 

worse.

Yokes 5130

Drum supports 4140

Glands 15B37

• Material grain size is one of major parameters affecting DFIQ forgings mechanical 

properties. The higher the forging temperature, the coarser the grains. 



 Controlling of billet reheating temperature is very important when using DFIQ 

process.

Forging Temperature and Material Grain Size

Forging 

temperature 

used for DFIQ 

trials, oF

Comments regarding used forging 

temperature

DFIQ 

forgings 

ASTM grain 

size

2,150

Below maximum safe forging 

temperature for all types of steel. 7.0 - 7.5

2,250

Below maximum safe forging 

temperature for all types of carbon and 

alloy steels having less than 0.5%C. 

5.0 - 6.0

2,350

Exceeds maximum safe forging 

temperature for practically all types of 

steels.

1.5 – 5.0



Potential Changes of Part Manufacturing 

Process

Forging
Cooling in 

air
Normalizing and/or 

annealing MachiningTempering
Reheating and 

quenching in oil

High-energy consuming post forging heat treating 

Hardened Forgings can be made “leaner” via  Intensive Quenching 

Forging DFIQ Tempering Machining

Could Be Forging: DFIQ “leans out” the forging supply chain, saving energy & time



1. DFIQ process was proved for variety of steel parts having 

different geometries and made of different steels. 

2. DFIQ process can be used successfully to produce 

microstructures and properties that meet product requirements, 

while saving energy by eliminating a reheat step prior to final heat 

treatment. 

3. The microstructures appear to be similar for the conventional and 

DFIQ processes, and in some cases, the DFIQ microstructure 

was found to be slightly coarser (but still acceptable) than the 

conventionally processed forgings. 

4. Strengths and hardness values were acceptable in almost all 

cases. The strength properties tended to be higher for DFIQ 

treated forgings, most likely due to a higher cooling rate, but they 

were not appreciably different from the conventionally processed 

forgings. 

Conclusions in DANTE Solutions

Metallurgical Report 



6. Main DFIQ process benefit is that the heat from hot forging can 

be used with DFIQ to eliminate the need for a second or even 

third reheat. 

7. DFIQ process applicability is subject to hardenability of steel 

being used, part geometry, and more importantly to 

manufacturing steps that follow hot forging operation. 

8. If thermal treatment after forging is the final heat treatment, then 

DFIQ has sound benefit as it should produce the desired 

properties and eliminate a reheating step. 

9. If a forging will be machined and finally carburized, grain size is 

important since grain boundaries provide the easiest carbon 

diffusion path into the part. The smaller the grain size the more 

effective the carburizing process. Hence, cooling rate after 

forging can be a benefit for DFIQ. 

Conclusions in DANTE Solutions
Continued



For more about different IQ Process Methods . . . 

ASTM International’s

“Intensive Quenching Systems:

Engineering and Design” 
by N.I. Kobasko, M.A. Aronov, J.A. Powell and G.E. Totten

ASM Handbook Series * 

“Steel Heat Treating Fundamentals 

and Processes” 
by N.I. Kobasko, M.A. Aronov, J.A. Powell and G.E. Totten

For more about different IQ Equipment . . . 

Chapter on “Intensive Water Quenching of Steel” 
with  IntensiQuench® Theory , Practice  Methods + Equipment 

*(Volume 4A, December 2013 Edition)



This PRO-FAST project is sponsored by the Logistics

Research & Development Program within the Defense

Logistics Agency Headquarters, Fort Belvoir, Virginia. DLA

seeks to support the modernization of supply chains

deemed critical to the warfighter.

PRO-FAST is cost shared by program participants and

supported by the Forging Industry Association and led by

the Forging Industry Association – Department of Defense

Manufacturing Consortium (FDMC) in advancing the state-

of-the-art of the North American forging industry.

Acknowledgement


