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Discussing the various methods — as well as the pros and
cons — of selecting a quench oil for various applications.

By D./SCOTT/ MACKENZIE

odern quenching oils offer a wide range of capability and

performance. The selection of the proper quench oil is

critical for proper heat-treating operations. The quen-

chant selected must provide consistent quenching the
first time, as well as over the life of the quenchant. Improper selec-
tion of quench oil can result in short oil life, or soft parts. Improper
maintenance of the quench oil can result in stained parts. This paper
will illustrate the selection factors in choosing a quench oil to ensure
proper quality parts.

INTRODUCTION

It is not known how long oils have been used in the hardening of fer-
rous alloys. Many types of oils have been used, including vegetable,
fish, and animal oils, and, in particular, sperm whale oil have been
used for quenching operations [1]. The first petroleum-based quench-
ing oils were developed around 1880 by E.F. Houghton in Philadelphia.
Since that time, many advancements have been made in the devel-
opment of quenching oils to provide highly specialized products for
specific applications.

A wide range of quenching characteristics can be obtained
through careful formulation and blending. High quality quenching
oils are formulated from refined base stocks of high thermal stability.
Selected wetting agents and accelerators are added to achieve spe-
cific quenching characteristics. The addition of complex anti-oxidant
packages is included to maintain performance for long periods of
continued use — particularly at elevated temperatures. Emulsifiers
may be added to enable easy cleaning after quenching.

METHODS OF QUENCH OIL SELECTION

The steel composition, component section thickness, and the type of
quenchant all have a major influence on the properties obtained in
the heattreated condition. The selection of quench oil is dependent
on the part, type of furnace, and cost.

The part requirements are critical. The alloy must be considered
to achieve the proper hardness and required mechanical properties.
Geometry and section size are influenced by the hardenability of the
alloy. This limits the section size for through hardening. The geom-
etry of the part also influences the residual stress state and distor-
tion. Non-uniform section sizes, sharp radii, and complex shapes can
contribute to distortion and potential part cracking. The oil must be
chosen, as well as the method of fixturing, to minimize the potential
of distortion and quench cracking.

The furnace also influences the choice of quenchant. If the agi-
tation in the quench tank is poor, then fast oil must be chosen. If
the part is prone to distortion, then the furnace and quench tank
must be capable of heating the oil to the proper temperature for mar-
tempering.

If the part is press-quenched, then an oil must be chosen that is
tolerant of the presence of the inevitable infiltration of hydraulic
fluid. It also should provide some lubricity to prevent excessive wear to
the quench die fixtures. It also should have an excellent anti-oxidant
package to provide repeatable quenching of high surface volumes

with limited quenchant volumes.

The cost of the quenchant is also important. Unfortunately, this
is often the only variable considered. The initial cost and in-use costs,
as well as the final end-oflife costs of disposal and environmental
cost must be considered.

The initial costs are influenced by the quality of the base oil stock
chosen and the quality and robustness of the additive package. The
additive package consists of speed improvers and anti-oxidants. The
quality of the anti-oxidant package also influences the in-use cost.

The in-use cost is influenced by the maintenance costs associated
with the quench oil. The cost of testing to ensure repeatable testing
must be considered. Other maintenance costs such as filtering should
be included in the calculation. The cost of additive packages (usually
not required by quality quench oils) added to the quench tank as the

The steel composition, component section
thickness, and the type of quenchant all have
a major influence on the properties obtained
in the heat-treated condition. The selection of
quench oil is dependent on the part, type of
furnace, and cost.

quench oil ages is not usually added to the cost calculations because
this usually falls under the maintenance budget. However, it should
be added to understand the total cost of the quench oil selected.

One additional factor not usually included is the cost of cleaning
the parts. Finally, the oxidative stability of the oil should be consid-
ered. If the oil tends to oxidize rapidly, this will increase the cost of
cleaning and require replacing the oil more often. This is especially
true of oil used in martempering applications.

Consumption of the oil by drag-out should also be considered in
the quench-oil calculations. Higher viscosity oil will tend to drag out
more, as will high surface area parts. The method of racking parts can
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cause the retention of higher-than-normal

. i i i Method
quantities of oil. Attention to racking and
. . . Variable AFNOR

proper drain times can reduce consumption. IS0 9950 IS K2242 ZBE45003 | ASTM D6200

In general, there are three different situa- NFT-60778
tions for the selection of quench oil: Country International | France lapan China USA

> E;(IISFiI]‘;g operat;lon1 -\glanftlﬁg a fhffeteg‘i Silver silver Silver
quench oil because the life of the existing o1 Prabe Alloy Inconel 600 | g 9494 59.999% 59.999% Inconel 600
has been depleted; dissatisfaction with cur- Pure Pure

Pure

rent supplier; or cost of existing quench oil.

> New operation similar to existing pro- Probe Dimensions 12.5x 60 16x 428 10x 30 10x 30 125x60
cess, such as the addition of a new line for 138 dia. X 99 | 300 ml 300 mi
. . o .. Vessel Dimensions, mm | 115¢5dia, |, " " 11545 dia,
increased capacity, or a new facility at a dif high beaker beaker
ferent location processing similar parts. il Volume, mi 2000 200 250 250 2000

> New operation or new process with new -

. . . Qil Temperature 2C 4012 50+ 2 20,120,160 | 80+2 40+ 2

or different configuration parts or parts of a
different alloy. Frobe Temperature, 2C | B50£ 5 BODL5 81045 81015 850+£5

The selection of quench oil can be accom-
plished by one or more methods: Comparative Table 1: Comparison of Cooling Curve Test Methods (after Liscic et al) [2].
Cooling Curves; Hardening Power, or by the
Grossman H-Value of the quenchant. In each case, not only must the Conling Rate, *C/sec
quenching characteristics be considered, but the thermal stability of o 0 &0 0 120 1=0 150
the oil should be considered. w0

800
COMPARATIVE COOLING CURVES i
When an existing process requires new oil, the new quenchant must : 600
be metallurgically equivalent. This means the cooling curves or the 5 500
m

quenching path should be similar. The cooling curve is measured by 4 400
several different methods described in Table 1 [2]. It should be men- E 300
tioned that it is very important the same cooling curve methodology 200
be used. Different methods of cooling curve measurements are not 100
directly comparable [3]. &

When testing oil for comparison purposes, only new oils should be o 10 20 0 a0 50 &0

chosen. This is because old oil will show oxidation and appear faster
than the new oil. Further, the oil must be tested by the same method
and preferably at the same time by the same testing laboratory to
eliminate inter-laboratory testing variation.

As a general rule, oils are considered to be metallurgically equiva-
lent if the Maximum Cooling Rate is + 14°C/second; the temperature
at the Maximum Cooling Rate is + 14°C, with similar viscosities and
flash point. This is illustrated in Figure 1. Tabular data from the cool-
ing curves are listed in Table 2. As a general rule, if the oils meet these
criteria, similar metallurgical results will be obtained.

This is by far the most common method of comparing and select-
ing quench oils. However, many other factors besides the cooling
curve behavior are important to select the proper quench oil.

HARDENING POWER

Alternatively, quenchants can be compared using cooling curve
analysis by using the Hardening Power of the quenchant [4]. In this
method, three characteristic points of the cooling curve, measured
by the method described in ISO 9950, are used in a formula derived
by regression analysis to describe the hardening power of oil quen-
chants. This hardening power for unalloyed steels, HP, is expressed
as a single value in Equation 1:

HP =9]1.5+1.347,

\p +10.88CR ~3 857,  Equation
where T, is the transition temperature between the vapor phase and
the boiling phase (in °C); CR is the cooling rate at 550°C; and T, is
the transition temperature between the boiling phase and the con-
vection phase.

This method allows oils to be selected by comparing the relative
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Figure 1: Comparison of three different oils by cooling curve measurement to
ASTM D6200.
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Figure 2: Grossman H-Value as a function of cooling rate (°F/s) at 1,300°F.

hardening power of each of the oils. However, for new installations,
itis necessary to know the necessary cooling rate required to achieve
part properties.

This method was further developed for the hardening of carbu-
rizing steels in hot oils [6] [7]. Using the methodology described in
ISO 9950, it was determined that only two critical points from the
time-temperature and cooling rate curves had any significance for
the measured hardness. The addition of the hardness of the Jominy
End Quench at 6.5 mm increased the accuracy of the hardness pre-
diction. In this experiment, the core hardness when martempering



on unalloyed carbon steels. Different alloys
Ry = Fm““ N LU S will require different regression constants
Maximum Cooling Rate Cfs 98,12 81.26 97,36 [8]. However, this method has been shown
Theta 1 c 14,28 a3.72 3.9 to be. effectlYe in determl.mng the relative
ranking of oils for quenching. However, the
Temp. at Max. Cooling Rate C 612.04 597.34 607.78 Hardening Power equation should be used
Temp at Start of Boiling C 715 6932 714.82 with caution when comparing different
Theta 2 c 409.43 429.35 403.98 steels or- for gene.ral hardness. predictions.
Alternative equations for making hardness
Temnp at Start of Convection C 370.8 372.08 347.9 predictions and ranking of oil quenchants
Flash Point C 177 186 182 have been made by Chen and Zhou [9].
Cooling Rate at 300 C/s e 3¢ 5 26 5 3¢ If the Hardening Power of the quenchants
considered is within approximately 25 per-
Time 10 850 ¢ ¥ P 0 0 cent, then the quenchants are generally con-
Time to 600 C 5 7.2 2.78 7.28 sidered to be equivalent.
Time to 400 C 5 11.21 14.05 11.06
_ GROSSMAN H-VALUE
Tiasto 200.C e — po-ad fis.fd The classic method related to the ability of
Cooling Rate at 705 C Cfs 22.8 16.7 23.0 a quenchant to harden steel is to determine
HP-IVE [oils) 65.41 117,43 567.3 the Grossman H-Value [10] [11] or Severity of
Quench. The H-Value is defined in Equation
Table 2: Tabular data of measurements comparing three different quench oils [5]. 3[12):
[#4
H = — Equation 3
Agitation Air il Water Brine 24
Mo circulation 0.02 0.25-0.30 0.90-1.0 2 where o is the average heat-transfer coef
Mild Circulation ) 0.30-0.35 1.0-1.1 2.2.3 ficient at the surface.o.f the part, and A is
the thermal conductivity of the steel. For
Moderate Circulation - 0.35-0.40 1.2-1.3 - most steels, the thermal conductivity does
Good Agitation - 0.40-0.50 1.4-1.5 - not change appreciably over temperature
Strong Agitation 0.05 0.50-0.80 16320 i or frorg alloy grade to grade, so it is directly
approximate to the average heat transfer of
Violent Agitation . 0.8-1.10 4 ] the quenchant. A summary of the Severity
of Quench for different media is shown in
Table 3: Typical Grossman H-Values [10]. Table 3.
The Grossman H-Value is determined
- . experimentally by quenching a series of round bars. After quench-
| i i ing, the bars are sectioned, polished, and etched. The 50 percent
e M gm0 - martensite region is determined. This is readily achieved because
E% - § ﬁ“ the transition in etching between dark and light etching corre-
— i5 fam - B, ———  sponds to 50 percent martensite.

{8 C D e [ —— Although, this method has been used in the industry for many
iy ] years, it is not without problems. The biggest issue with the applica-
| o ! | | tion of the Grossmann H-Value is the difficulty in quantifying agita-

CENTES T ] 1 tion rates. There is really no understanding of what is meant by “mild”

i ] or “violent” agitation. Further, the different methods of quenching
L1 | R such as spray quenching have no equivalent to the Grossman H-Value.

L ;LLM_‘ L ! ' L L This method is only focused on the ability of the quenchant to harden

Figure 3: Chart for predicting the approximate cross section hardness of quench
round bars using Jominy test results [16].

yielded Equation 2:

-1, +5HRC

HV30 =135+ 0.56CR,,, — T, ).s FEauation2

where CR,, is the cooling rate at 500°C; T, is the temperature (°C)
after 20 seconds; and HRCF ¢ 18 the hardness at a Jominy distance 6.5
mm from the quenched end. It was shown that this method accu-
rately predicted the core hardness.

It is important to realize that different steels have different cool-

ing requirements, and that the Hardening Power equation was based

steel and gives no indication regarding distortion.

However, the terms describing the agitation are not quantifiable
and can result in errors. Since most oils are tested without agitation,
this results in a very narrow range of possible oil values. Further,
when the original testing was done, the oils used in the original paper
were straight oils, devoid of speed improvers. Modern oils achieve
much higher quench rates (nearly double) than those tested in the
original paper. Previously, there has been no way to correlate cooling
curve data to Severity of Quench (H).

However, Otero [13] determined the Grossman H-Value from the
cooling rate at 1,300°F (705°C) by use of the Kondratjev [14] dimension-
less number. Correlation of the Grossman H-Value as a function of the
cooling rate at 1,300°F (705°C) is shown in Figure 2. Typical values for
several common quenchants are shown in Table 4.
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The calculations show a good similarity to

Cooling Rate at

Cooling Rate at

the classical H-values of Grossman. Further Quenchant 705°C 1300°F Hin™
testing is needed to verify that the calculated |

results correspond to Jominy data and pre-  Water 117 211 1.30
dicted hardness distributions in quenched Houghto-Quench K &0 108 0.65
bars [15].

To achieve equivalence to the data pre-  Houghto-Quench G 37 67 0.43
sented in Jominy End Quench testing, the Houghto-Quench 105 74 43 0.30
H-Value only refers to the quench rate at a
very narrow temperature range of 705°C ~ Houghto-Quench 100 22 40 0.28
(1,300°F). To ensure the proper cooling rate
and microstructure is achieved, it is neces- Table 4: Calculated Grossman H-values from cooling curves of commonly used quenchants.
sary to refer to Continuous Cooling Diagrams
(CCT) for the steel of interest. &0

This method makes possible the calculation of the critical size in &
terms of a standardized quench and calculation of the critical size i i P —
from a single test. Using charts, it is possible to predict how a known T 50 \‘ Mandmum
steel with a specific Jominy curve would behave and predict the hard-  # g
ness distribution within the bar. Using the concept of equivalent 'E_ - .
rounds, the hardness distribution can be predicted. An example of E 40 ﬁb‘_ﬁ:ﬁﬂ
charts to predict hardness distribution based on hardness correlation : " . — -
to round bars is shown in Figure 3. Using this method, the hardness £ 5 B— Ao
was predicted for SAE 4130 at the minimum and maximum harden- 30 e Hardenability
ability for different size rounds for the cooling curves. The results -
are shown in Figure 4. ) Sustace at cibed St i R Creer

HEAT-TRANSFER CALCULATION

Lastly, a relatively newer method to predict hardness and micro-
structure has been developed by IVF Swerea in Sweden using the
IVF SmartQuench Integra [17]. In this method, the heat-transfer coef
ficients as a function of surface temperature are calculated using the
inverse-method [18]. After entering the TTT diagram of the desired
material (or using the database), the CCT curve is calculated. From
there, the microstructure and hardness are calculated. This last
method is more accurate, as it encompasses the entire quench path
of the quenchant. Examples of the heat transfer as a function of the
surface temperature for the cooling curves are shown in Figure 5. The
calculated hardnesses for SAE 4140 and different size round bars are
shown in Figure 6.

However, similar physical properties and quenching characteris-
tics will not mean the oil will perform over time in a similar fashion.
The thermal stability of the oil, measured by its oxidative stability,
must also be considered [19]. However, due to space constraints, the
oxidative stability of oils will be discussed in a later article.

CONCLUSIONS
In this article, the various methods of selecting a quench oil for vari-
ous applications are described. Each of the different methods has mer-
its and shortcomings. The cooling curve method is typically conserva-
tive, as the oils are not agitated during cooling curve measurement.
This method is also the simplest method and offers a visual indica-
tion of the similarity or difference between different quenchants.
The hardening power is an extension of the cooling curve test and
is an additional method of showing similarity of different quench
oils. However, it is only as good as the cooling curve measurement.
Using the cooling curve and determining the Grossman H-Value is
a quick method of predicting hardnesses for different size bars. It
does not provide any information regarding microstructure. Another
limitation is that the agitation is typically not determined, and only
one point on the cooling curve is used for the determination of the
average heat-transfer coefficient.

The last method, using calculated surface heat transfer coeffi-
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Figure 4: Predicted hardness for SAE 4140 using the Grossman H-Value

calculated from cooling curves.
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cients and calculation of microstructure and hardness as a function

of radial distance, offers the most comprehensive method of compar-
ing quenchants. However, it is limited to simple round bars. It is also

limited by the accuracy and availability of TTT curves. §
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At Praxair, we’ll work with you to meet
your specified mechanical requirements.
We offer a diverse portfolio of heat treating
gases that can improve the quality and
appearance of your metals, help you make
highly reproducible parts and give you more
control over your process.
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